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AN INVESTIGATION OF THE INFLUENCE OF ELEC- 
TRICAL FIELDS UP )N SPECTRAL LINES 

By G. hull 

In the autumn of 1905 the writer began an investigation in the 
Cavendish Laboratory, Cambridge University, upon the influence 
which electrical fields producing luminous discharges might have 
upon the spectral lines comprising the luminosity concomitant with 
those discharges. The particular points toward which attention was 
to be directed were whether any variation of wave-length (Doppler 
eflFect) occurred when the direction of viewing the discharge was 
changed from that along the discharge to one at right angles to it; 
whether the width of the spectral Une altered when the part of the 
luminous column used as a source was changed ; whether any j)olari- 
zation of the radiation from the luminous column was produced by 
the discharge; whether Roentgen rays in their passage through the 
luminous gas produced any change of wave-length, widening of the 
lines, or polarization of the light. 

Looking at these questions from the experimental view-point, 
evidence could be adduced favoring either positive or negative results. 
The extremely accurate work of Michelson, and later of Perot and 
Fabry, made it clear that no Doppler effects were to be expected in 
ordinary end-on discharge tubes. On the other hand, the well- 
known Feddersen experiment, in which the oscillations of a condenser 
discharging between two spheres in air at ordinary j)ressure are 
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made evident by means of a rotating mirror, leads to the usual explana- 
tion that the curving of the images of the spark is due to luminous 
particles traveling out from the spark terminals. Indeed, Schuster 
and Hemsalech made an extended study of this curvature for the 
individual lines composing the discharge when various substances 
were used for the spark-gap. Their conclusions were that in general 
luminous metallic particles from the electrodes were driven out along 
the spark-gap, with various velocities reaching a value as high as 
2000 meters per second. These experiments made by Schuster and 
Hemsalech certainly suggest that a Doppler effect will be found in 
electrical discharges in air between metallic electrodes. But it will 
be shown here that another interpretation may be given to their 
results. 

The investigation will be discussed here under the following heads : 

1. Doppler effects for discharges in air. 

2. Doppler effects in end-on discharge tubes between the electrodes. 

3. Change of wave-length, widening of the lines, or polarization 
of the light due to Roentgen rays. 

4. Doppler effects in end-on discharge tubes behind a perforated 
electrode. (Canal rays.) 

5. Polarization of the radiation from the luminous column. 

6. Influence of the electrical field upon spectral lines. 
Instruments, — ^At the time when this experiment was started the 

chief instrument available was an echelon spectroscope by Hilger, 
kindly loaned to the writer by Professor Livcing. The echelon prism 
consisted of seventeen plates (eighteen steps of i mm each), 7.5 mm 
each in thickness. The dispersive power was equivalent to that of 
a grating of 9,600 lines to the millimeter, or sixteen times as great as 
that of the ordinary grating, and the resolving power to that of a 
grating of 180,000 lines. 

The telescope and collimator lenses had an aperture of 5 cm and 
a focal length of 40 cm. The telescope carried a plate-holder which 
could be rotated about a vertical axis so that a considerable part of 
the spectrum could be brought into focus at one time. 

The mounting of the instrument was arranged as in the diagram 
(Fig. i). Usually the source of light studied was placed directly in 
front of the slit S of the collimator. The radiations after passing 
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through the echelon prism E were analyzed by a flint glass prism F, 
of 60® single, so that in the focal plane of T there appeared what 
looked Uke the ordinary Une-spectrum of the source, except that some 
of the Unes might be double and might have a few satellites. These 
apparently double Unes of course were different orders of the same 
line, their angular distance apart being X/e, where e was the width 
of the step. The Unear distance between the orders on the photo- 
graphic plate was approximately 0.2 mm. Except for quite complex 
sources, there was no difficulty in identifying the lines. This simple 
method of separating the Unes is greatly to be preferred to that of 
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Fig. I 

analyzing the Ught before it enters the collimator, for in the latter 
method the Unes of the spectrum have to be examined or photographed 
separately. In this method they all can be photographed at once. 
The strips of the echelon (i mm in width), the slit of the coUimalor 
and the edge of the prism were made vertical. 

In front of the sUt of the colUmator was a movable diaphragm by 
means of which the upper or lower half of the slit could be exposed 
to the source. For example, if the Doppler effect in the canal rays 
of mercury was to be tested, one-half of the slit was exposed to the 
canal stream directed at about 10° to the axis of the collimator, then 
the other half of the slit was exposed to an ordinary mercury-spectrum 
tube. Fig. 2 shows the appearance of a plate (enlarged two diam- 
eters; the fine Unes have been lost in the process) when canal rays in 
heUum {a) and a heUum-spectrum tube ib) were sources. If any Dop- 
pler effect was present, it w^ould be made evident by a shift of the two 
halves relatively to one another. There might easily be some doubt 
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regarding the interpretation to be placed upon this shift. For, 
confining our attention to one radiation, there would be in general 
on the plate two maxima corresponding to (say) the 8000 and 8001 
orders. If the radiation were shortened in wave-length by about o . 5 
tenth-meter, the maximum toward the shorter side of the echelon 
would move over and take the place of the other maximum, while a 
new order would follow it and take its place. If the radiation were 
lengthened, the shift would be in the opposite direction. In both 
cases the two maxima w^ould look like the original two maxima. 
Thus, though a variation in wave-length of o. i tenth-meter would pro- 
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duce a ver}- marked shift in the lines, one of o. 5 might not cause a 
noticeable displacement. But shifts as great as 0.2 tenth-meter 
could be detected and measured by the single prism F, the echelon 
being removed. The method therefore used for determining the 
order of magnitude and nature of the shift was to remove the echelon 
and take a photograph of the spectrum through the prism F. It is 
evident that when the echelon is in use the width of the spectral lines 
used cannot be as great as 0.5 tenth-meter, otherwise the two chief 
orders would overlap. By width of a line is here meant the wave- 
length interval Ix'tween two radiations whose intensities are one-half 
that of the maximum. 

When the echelon and prism were arranged as in Fig. i, a shift 
of the lines toward the red end of the spectrum denoted a shortening 
of those lines. 

Adjustment jar jocus. — ^The slit and the photographic plate were 
placed at the foci of their respective objectives by the ordinary method 
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of parallax. Then through the 60° prism photographs were taken 
of the upper half of the sUt, the right half of the colhmator objective 
being diaphragmed, and of the lower half of the sUt with the left half 
of the lens shadowed. The Ught source was a mercury, cadmium, 
or helium discharge tube. The displacements of the two halves 
of the slit-images were measured for the separate Unes, then this 
process was repeated for a new position of the camera objective, or 
of the slit or for a new inclination of the photographic plate. At 
least a dozen plates were taken before a satisfactory adjustment was 
found. Even then it was not quite possible to bring the upper and 
lower halves together for all the Unes of an extended spectrum. 
When the echelon was placed in position, it was found that the focus 
had slightly changed, so that a new position for the camera objective 
and photographic plate had to be determined. 

The echelon prism was adjusted visually. This adjustment was 
considered satisfactory when the five' satellites of the green mercury 
line were sharp and uniform throughout their length. 

An interferometer of the Michelson form (from W. & L. E. Gurley) 
was also available during these experiments, but of course it could 
be used only when the Ught-sources were strong and the radiations 
simple. 

A Rowland concave grating of 10.5 feet radius, 14,438 lines to 
the inch, 4-inch ruled surface, was also used, but experience proved 
that for the long exposures required the instrument was affected by 
temperature-changes and by tremors of its support. The results 
obtained by this instrument were rejected as unreliable. 

I. Discharges in air. — As already stated, the Fedderscn experiment 
and the investigation of Schuster and Hemsalech suggest that in 
electric discharges between metallic terminals in air luminous vapors 
move along the line of discharge. When the present investigations 
were begun, the writer did not know of Mohler's paper on '^Dopplcr 
Effect and Reversal in Spark Spectra.''* Mohler used Lcyden jars 
of a capacity of 22.5 meters in the secondary circuit of an induction 

» It is now pretty certain that the large number (twenty) of satellites announced 
by Lummer and Gehrcke as belonging to the mercury lines were, for the most part, 
ghosts. The green line X 5461 has five, or possibly six, satellites. 

' A strophy steal Journal, 15, 125, 1902. 
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coil operated by a Wehnelt break. The analyzer was a concave 
grating of lo feet radius, 14,400 lines to the inch, 4-inch surface. 
The most noticeable effect observed by Mohler was that, when the 
spark from magnesium was going away from the slit, the lines X\ 2795, 
2802, 2856 were reversed. With regard to the Doppler effect the 
only datum given by Mohler is that the aluminium lines XX 3961, 
3944 give an average measured displacement of o.oi tenth-meter. 
This shift would be produced by a velocity of 370 meters per second. 

The criticism to be made of this result is that the aluminium lines 
so produced arc very broad (probably 2 or 3 tenth-meters) — so broad 
that it is very doubtful whether a shift of this magnitude could be 
measured, or if measured whether it might not be due to unsymmetrical 
broadening. 

In considering the most favorable materials for the spark terminals, 
the writer had chosen an amalgam of mercury and cadmium. These 
substances give strong, fine lines. Moreover, the velocity of the 
luminous vapor of mercury, as found by Schuster and Hemsalech, 
was about 900 meters per second, and of cadmium about 600 meters 
per second. 

Figure 3 shows the first arrangement of the cadmium-mercur}' 
and aluminium electrodes. These were held by a hard-rubber plate 
which could be rotated about an axis passing through the middle of 
the spark-gap at right angles to the plane of the plate. The line 
of discharge in general made an angle of 30° with the axis of the 
coihmator. One half of the slit received light directly from the spark, 
the other half received the light after reflection at the mirrors w,, 
m^ and m^; the last mirror being a small silvered strip of glass 
immediatclv in front of the slit. 

If the luminous Cd-JIg particles are moving with a velocity i;, the 
difference in wave-length of the two beams through the upper and 

2c' 

lower halves of the slit is a X— cos 30°, where V is the velocity of 

light. If the mercury particles have a velocity of 900 meters per 
second, the wave-length difference should amount to 0.025 tenth- 
meters. 

Photographing the two halves of the slit simultaneously has the 
advantage that, if the wave-length of the radiation from the spark 
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depends upon conditions* under which that spark is produced, 
the simultaneous photographs should eliminate diflferences in wave- 
lengths due to those conditions. But this arrangement has a defect. 
For in using the echelon prism the greatest care must be taken in the 
alignment of the light beam. Removing the echelon and looking 
through the objective of the collimator, the electrodes and mirrors 
may be so adjusted that the object-glass is uniformly illuminated by 
either source, and thus the alignment is made satisfactory. But a 
small shift in the light-source, due for example to a movement of the 
s{)ark along the electrode or to a motion of one of the mirrors, will 
seriously affect that alignment and may possibly produce a displace- 
ment of the two photographic halves of the slit. It would be better 
then, to allow more freedom in varying conditions. So finally the 
mirrors were dispensed with entirely. A movable diaphragm allowed 
either half of the sUt to be exposed. The direction of the discharge 
was changed by rotating the electrodes about the axis at right angles 
to the spark-gap. Before every set of readings the echelon was 
removed, and the position of the spark-gap so adjusted that the light 
beam fell centrally on the objective when either half of the slit was 
open and for either direction of the discharge. A lens of 5 cm focal 
length between the electrodes and the slit, and about 5.5 cm from 
the spark gap, assisted in the alignment and insured light falling 
upon all parts of the objective of the collimator. The discharge 
was produced by an induction coil (with a hammer break) capable 
of giving a 20-cm spark. The spark-gap circuit had in series a 
small self-induction (o.oi henry). To make sure that the discharge 
passed in only one direction, a rectifier or electrical valve was included 
in the spark-gap circuit. The plates were measured by a Zeiss 
microscope whose micrometer screw was of \ mm pitch. The dis- 
tance between two successive orders of a line was taken for various 
lines, and all other readings were referred to this interval. It hap- 
pened that tenths of divisions of the micrometer head corresponded 
nearly to o.ooi tenth-meters. The average error of setting on a 
good line was 0.002 tenth-meters. 

< Haschek {Silzungsberichte der Kais. der Wiss. in Wien, no, iqoi) slates that 
the wave-length from a spark depends on the pressure in the spark and also u})on 
the density of the vapor. But later investigations failed io verify his results. See 
note in Astropkysical Journal, 14, 201, 1901. 
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Although a great number of plates were taken, only those were 
measured on which the upper and lower images were nearly equal in 
intensity and were neither over- nor under-exposed. A photograph in 
which the upper half of the slit had been exposed to the approaching 
spark and the lower half to the opposite was combined with one for 
which the conditions were reversed. 



Fig. 
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The mercur}'^ and cadmium lines on the plates, making allowance 
for the width of the slit, which was about 0.02 mm, had a width of 
between 0.02 and 0.08 tenth-meters. Several of the satellites of 
the mercury lines appeared on the plates. This gives an indication 
of their fineness, as docs also the fact that interference fringes for 
a difference of path of 80,000 waves were obtained for the green 
mercury line.' 

The following table shows the variations of the readings. A plus 
sign means that the shift of the upper and lower photographic halves 

I Nutting, in the Astro physical Journal, 23, 66, 1906, states that the widths of 
the lines for sparks in air are never less than 0.5 tenth-meter. This limit is consid- 
erably greater than that obtained by the writer. 



INFLUENCE OF ELECTRICAL FIELDS 



of the slit was of the same sign as a Doppler effect, and a negative sign 

that it was opposite to that effect. The readings are in tenth-meters, 
and are reduced to motion along and at right angles to the discharge. 
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These data show that for the spark-gap here used, viz., Cd-Hg 
electrodes, 3 nmi length of spark-gap, without capacity but with self- 
induction, there is no motion of the luminous particles as great as 
100 meters per second. 

When a small capacity was inserted, the Unes broadened and were 
often reversed, so that it was difficult to measure them accurately. 
The discrepancies were about three times as large as those in the 
table, and were both positive and negative. Schuster and Hem- 
salech did not find that the velocity which they measured decreased 
with the capacity. There was rather more evidence of an increase 
of velocity with decrease of capacity. 

Hence, if we had analyzed our spark by means of a rotating mirror, 
we should have foimd that the discharge was curved, just as it is 
curved when large capacities are joined to the spark-gap. (The 
feeble illumination of our spark does not readily permit a direct 
experimental test.) We are therefore led to the conclusion that this 
curving of the image of the spark is not due to a motion of the lumin- 
ous particles (for there is no Doppler effect great enough to account 
for the curving), but to the propagation among those particles of a 
condition of luminosity. 

2. Discharges in a partial vacuum, — Discharges in air having 
failed to give a Doppler effect, motion of the luminous particles was 
next looked for in vacuum tubes. Here again mercury vapor was 
chosen on account of the fineness and strength of its Unes. The 
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interferometer and the echelon spectroscope were used to detect the 
expected change of wave-length. 

An end-on tube of the form shown in Fig. 4 was used. The tube 
connecting the two bulbs was of about 3-mm internal diameter and 
about 10 cm long. The aluminium electrodes were brought down 
near the ends of the tube which terminated near the glass walls. 

Before sealing off from the pump, exhaustion and sparking were 
continued until all gases but mercur\' vapor (as far as could be seen 
by the spectrum) had been removed. Consequently, at ordinary 
temperatures the discharge passed with difficulty. 

During an experiment the tube rested in an asbestos-covered 
brass box which could be maintained at a fairly constant tempera- 
ture up to 250° C. for a considerable time. 

Interference fringes for a difference of path of 400,000 waves 
(this limit was fixed by the shortness of the instrument) were easily 
found for the green line. These fringes were obsen'ed by means of a 
telescope in the eyepiece of which was a system of cross-hairs. The 
position of the central fringes could be read to approximately one- 
tenth of the distance between them. No change could be seen in the 
fringes when the discharge was reversed. This means that no change 
of wave-length occurred greater than one part in four million. The 
velocity of the luminous particles, assuming that it was reversed 
with the discharge, therefore could not have been greater than 50 
meters per second. The results obtained using the echelon prism 
as analvser were in accord with the interferometer result. 

No systematic record of the temperature of the tube was made. 
Conditions were merely varied from one in which there was a great 
deal of vapor in the tube to one in which there was xQxy little. 

3. The influence of the passage oj Roentgen rays through the lumin- 
ous gas. — While the previous part of the investigation was in progress 
it was thought well to .test whether Roentgen rays in their passage 
through the luminous gas would in any way affect the radiation. The 
theoretical bearing of this problem is ver)* interesting. 

Professor J. J. Thomson represents a cathode ray as a negative 
corpuscle moving with great velocity and carrying with it lines of 
force. When this particle is suddenly stopped, a pulse runs out 
along these lines of electric force. This pulse is the X-ray. It is 
polarized, its electrical component being in the plane containing 
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the line of force and the direction of the original motion of the cathode 
particle. When this pulse is arrested by coming in contact with a 
new medium, there is generated another radiation the direction of 
propagation of which is at right angles to the plane just described. 
These theoretical conclusions have been verified by Barkla' in a 
series of most interesting experiments. We know that this electric 
pulse or X-ray passing through a gas ionizes it. That is, the electric 
pulse tears from each of a number of molecules one or more electrons. 
If the molecule were luminous, this disturbance, amounting to a 
collision, would aflFect the phase of the radiation, and would therefore 
produce a widening of the line. Moreover, if the wave-length 
depends upon the number of electrons in a molecule, the length of 
the wave would be changed. Again, this sudden tearing-off of an 
electron might give rise to an increased radiation in a direction at 
right angles to that of the pulse. With interference fringes corres- 
ponding to a difference of path of 400,000 waves no change of wave- 
length nor widening of the line was noticeable. 

The polarization was looked for with a Nicol prism and sensitive 
Savart plate, but none was found. 

This experiment is of interest in connection with the optical 
phenomenon of absorption. . Ether pulses or X-rays passing through 
a gas are absorbed to a very small extent, but produce marked ioni- 
zation. Ether waves (of the order of light-waves) may experience 
considerable absorption, as is the case for ultra-violet light in iodine 
vapor, but produce no ionization;' the present experiment shows 
that an increase in the ionization of a gas (for the gas here studied) 
does not affect its absorption or emission. Apparently absorption of 
energy is always necessary to produce ionization, but ionization need 
not accompany absorption. It requires the absorption of a special 
kind or form of energy, for example that of electric pulses, of short- 
period light- waves,^ or of waves specially suited to the gas,^ to produce 
ionization. 

> Phil. Trans., A, 204, 467-479, 1905. 

« Henry (Proc. Camb. Phil. Soc. g, 1897) found that there was no increase in 
conductivity in iodine vapor when illuminated by ultra-violet light. 

3 P. Lenard (Ann. der Phys. (4) i, 486; 3, 289, 1900) found that easily absorbed 
radiation from an electric spark produced ionization. 

4 Sodium vapor is rendered specially conducting by yelk)\v light, potassium by 
blue. Elster and Geitel, Wicd. Arin.y 52, 433, 1894. 
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4. Doppler effects in end-on discharge tubes behind a perforated 
electrode. — ^As discharges through mercury vapor in end-on tubes had 
produced no Doppler effect, attention was turned to other forms of 
tubes and other gases, when Stark announced the phenomenon here 
looked for — ^the Doppler effect in the canal rays of hydrogen. This 
gas had not been used at the outset of the present experiments, because 
the principal lines of hydrogen are so broad as not to lend them- 
selves readily to analysis by the echelon prism. Moreover, it was 
not expected that an effect would be discovered large enough to be 
detected by other means at the writer*s disposal. But the first test 
showed that the effect was easily seen when the prism F was used 
as an analyzer. One half of the slit was illuminated by light from 
an ordinary hydrogen spectrum tube, the other by the canal rays in 
hydrogen. An observer at the telescope could clearly see the lines 
from the canal rays shift from one side to the other of the ordinary 
hydrogen lines as the canal stream was directed toward or away from 
the slit. The photographic plates showed that the shift was about 
5 tenth-meters, corresponding to a velocity of the luminous particles 
of about 3X 10' cm per second. 

An attempt was made to obtain the effect for mercury vapor. The 
tubes used had the form shown in Fig. 5. The distance between the 
electrodes was about 10 cm, the diameter of the tube about 3 cm. 
The discharge was produced by an induction coil, the potential 
ranging from 1,000 to 30,000 volts, though for any one exposure the 
potential was kept as nearly constant as possible by regulating the 
temperature of the tube. 

The echelon was put in its place, and photographs of the two 
halves of the slit were taken, one half being illuminated by the ordinary 
mercur}^ discharge tube, the other half by the canal stream. Great 
care was taken to have the objective of the collimator full of light. 
The tube was inclined at an angle of about 20° to the axis of the 
collimator, and so placed that no light but that from the canal stream 
passed through the spectroscope. 

The first tube used to test the Doppler effect in the mercury canal 
stream was that which showed that effect for hydrogen, for there 
were present in the canal stream not only the hydrogen but also the 
mercury lines. Using the interferometer as analyzer, with fringes 
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corresponding to a difiference of path of 120,000 waves of the green 
line X 5461, no variation in wave-length was seen when the canal tube 
was rotated through 120°. The visibility of the fringes rapidly 
decreased for a greater path-difference. With interference for this 
difference of path a change of wave-length of one part in six hundred 
thousand could be detected. That is to say, the Doppler effect for 
the mercury particles in that tube could not have been as great as 
o.oi tenth-meters, or, considering that the direction had been altered 
from 4-60° to —60°, the velocity of the particle could not have been 
greater than 300 meters per second. The echelon results placed the 
limit rather lower than this. 

The discharges that were used with this tube had been so heavy 
that the anode melted and became distorted, rendering the tube 
useless. Another tube, similar in form and dimensions, was prepared. 
\Vhen this tube was sealed off from the pump (pressure about 0.06 
mm of mercury), both hydrogen and mercury lines were present, 
but the former disappeared after a few plates were taken. The 
discharges used were heavy, the potential being about 4000 volts. 
The time required for an exposure (slit- width being 0.02 mm, Lumi- 
ire "Sigma" plates being used) varied from 8 to 15 minutes. With 
this tube eight plates were taken, two of which showed a shift of about 
one-fifth of the interval between the two maxima. But the inter- 
pretation placed upon this at the time was that the shift was not one- 
fifth but six-fifths of that interval. The reason for this interpreta- 
tion was that there were irregularities in the measurements which could 
not be accounted for if the smaller fraction were correct, but which 
seemed reasonable if the larger one were chosen. jMoreover, the 
larger value gave a velocity of the mercury particles of 2.5X10^ 
meters per second, which value was consistent with that found for 
the hydrogen particles. It was intended to find the order of the 
shift by the single prism, but unfortunately before this could be 
done the tube had hardened considerably, and the conditions had so 
changed that the plates now showed no certain shift. A test with the 
interferometer gave fringes (for the green line X 5461) for a difference 
of path of 120,000 waves. These fringes were not changed by turn- 
ing the tube through 120°. Consequently the velocity of the luminous 
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particles (in the later history of this tube) could not have been greater 
than 300 meters per second. 

Three other tubes were made, one of which contained hydrogen 
and mercury vapor, the other two containing only mercur}' vapor 
as far as any spectroscopic test could determine. The last two 
tubes required heating before the discharge took place; even then 
the potential was apt to run high, up to 60,000 volts or more. A 
number of plates were taken with the canal streams in these tubes 
as sources, but no shift of the mercury- line was found. 

At the time these experiments were performed it was thought 
that the shift obtained in two of the plates was real and that the 
ntcrpretation placed upon it was correct. In a preliminary note 
published in the Proceedings of the Royal Society ^ June 1906, it was 
stated that the Dopplcr effect for mercury had been found, but a 
re-inspection of all the data, and new data obtained by using the 
canal stream in helium as a source, leads the writer to suspect that the 
shift obtained on the two plates was accidental. If it was due to a 
Doppler effect, then that effect is dependent upon conditions which 
are not evident. Neither increasing the potential or the current 
nor freeing the tube from gases other than mercury vapor produces 
the effect. 

Since the preliminary note was written the writer has made other 
attempts to obtain the Doppler effect in mercury vapor, but without 
success. 

Helium next suggested itself as a substance with which to work. 
In contrast to mercury, it has a low atomic weight. Moreover, it has 
an increasing spectrum consisting of six scries, according to Runge 
and Paschen, two principal series each with two secondary series. If 
the Doppler effect differed for lines of different series, certainly that 
difference should be made evident in the canal ravs of helium. 

The gas obtained from Tyrer & Co., London, proved to be quite 
I)ure. The photographs taken through the prism F with a sjx^ctrum 
tube filled with this gas as a source gave all the lines from X 7281.8 
to X :;8i9.8 without a trace of imj)urity'. The canal ray tube was 
the one which had been used for obtaining the rays in hydrogen. 

Table II, column 3, gives the relative intensities of the lines as 

' After long usage, howcviT hydnigcn lines marlc their aj)i)carancc. 
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TABLE II 



3d Sub B. 

2d Sub A . . 

ist Sub B. 

ist Sub A . 

2d Sub B . 
2d Prin. B 
ist Sub B. 
2d Sub A . 

ist Sub A . 

2d Sub B. 
1st Sub B. 
2d Sub B. 
ist SubB. 
2d Sub A . 
ist Sub A . 

2d Prin. B 
ist Prin. A 

2d Sub A . 
ist Sub A . 



7281.80 
7060.00 
7065.50 
6678.40 
5876.21 

5875 87 
5047.80 

50^5 70 
4922.00 

4713.48 

4713-25 
4471 .86 

4471-65 

4437 70 
4388.10 

4169.10 

4143.90 

4121 .00 

4026.51 

4026.34 

3964.87 

3889.00 

3867 . 60 

3819.80 
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Tube 
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26 



0.00 

0.13 
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o 

o 
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o 



03 
30 
30 

10 

17 

00 

25 



Shift per 1000 
V^ts 



+ 0.004 i--Tn. 
-f 0.004 

-f 0.004 
-f 0.004 
+ 0.005 



+ 0.006 
+ 0.004 



they appeared on the plate (Wratten & Wainwright *' pan-chromatic" 
plates, Pliicker tubes as source) with the classification as given by 
Runge and Paschen. Here the first and second principal series arc 
denoted by A and B respectively. The fourth column gives the 
intensity, estimated from seven different plates, of a hnc in the canal 
spectrum compared with that of the same line in the ordinary Pliicker 
tube. It is evident from an inspection of this column that the lines 
of the first sub-series A are relatively stronger in the canal ray 
sj)ectrum than they are in the Pliicker tube spectrum. The two 
principal series are next in order, while the lines of the two second 
subordinate series are seldom visible in the canal stream. The 
relative intensities for the various lines, comparing canal rays with 
Pliicker tube, are: first sub-series i4, 0.30; principal series .4 and B^ 
0.18; first sub-series 5, 0.13; second sub-series .4,0.05; -"^^'cond 
sub-series 5, 0.00.* 

' U^en the direction of the current was changed so that t athodc rays in \)\mc uf 
the canal stream appeared behind the perforated plate the sjx-etrum ehangc d from 
yellow to green-blue. The intensities of the lines were completely c hangi'd. The red 
and yellow lines disaoneared while X 5016 c ame out strong. 
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The discharge was obtained from an induction coil. A spark-gap, 
whose terminals were brass spheres one inch in diameter in multiple 
with the canal ray tube, allowed one to estimate the potential differ- 
ence between the electrodes. 

Two plates were taken with the flint glass prism as analyzer. The 
dispersion of this prism gave a variation of from 25 to 35 tenth-meters 
per millimeter. These plates showed that there was no Doppler 
effect in the helium canal stream as great as o. i tenth-meter. 

A number of plates were taken with the echelon in place, and of 
these six were measured. The tube was refilled with helium after 
plate No. 218 was taken. Table III gives the estimated potential, 
the mean shift in the direction of the Doppler effect for all the lines 
on that plate, and the times of exposure for the Plucker and canal ray 
tubes. 

TABLE III 



Plate 



Potential in Volts 



Mean Shift 



217 
218 
219 
220 
222 

223 



QjOOO 

16,000 

3,000 

7,000 

22,000 

36,000 



H- o . 008 t. 
-f o . 006 
-f o . 008 
-fo.025 
-f o . 003 
+ 0.022 



-rn. 



Time in Minutes 



6 and loo 
5 and 150 

5 and 100 

6 and 165 

7 and 150 

8 and 165 



It will be noticed that, assuming these shifts are due to real Doppler 
effects, there is no apparent connection between the shifts and the 
potentials. But if it be assumed that the shift is proportional to the 
square root of the potential, then column 5 of Table II follows. 
Other lines than those given in the table were measured, but on 
account of their faintness or fuzziness through poor focus they are not 
included. 

These data indicate that the Doppler effect for the lines in the canal 
stream of hydrogen is of the order of 4 tenth-meters for a potential 
of 1,000 volts. Assuming the velocity to vary inversely as the square 
root of the molecular weight, we deduce from this displacement for 
the lines in the canal rays of helium a Doppler effect about six 
hundred times as great as that which is given by this experiment. 

It therefore appears from these investigations that the luminous 
hydrogen particles in the canal stream in that gas have a velocity of 
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the same order as that deduced by Wien from the electric and mag- 
netic deflections. But the luminous particles of helium and generally 
those of mercury have velocities very small compared with that which 
we should expect from the electric experiments. 

It follows that the canal particles in helium and mercury either 
do not have nearly as great a velocity as they are generally supposed 
to have, or that the luminous particles do not take part in the large 
velocity. In the latter case non-luminous particles must be streaming 
through the gas with great velocity, producing luminosity ia other 
particles, probably by bombardment, and giving to those particles 
a fraction of their own velocity. The mass of the non-luminous 
particle would have to bear to that of the luminous the ratio of the 
mass of the electron to that of the hydrogen atom to explain the results 
in the case of helium. But we have no experimental evidence that 
the canal rays in helium and mercury have a velocity greater than that 
here determined optically. Experiments arc now under way to 
measure the Doppler effect in the canal stream of other gases, and 
also to test the velocity by means of the magnetic and electrostatic 
deflections. 

5. A test of the polarization 0} the radiation from the can^l rays, — A 
glass tube (a) was sealed on to a canal ray bulb at right angles to the 
direction of the rays as in Fig. 6. On this tube was sealed a piece of 
optical glass as free as possible from strain. Outside of this plate 
of glass was arranged a scries of diaphragms which prevented light 
from the sides of the tube a from passing through the analyzer, which 
was a very sensitive combination of Savart plate and Nicol prism. The 
canal stream was that in hydrogen and showed the Doppler effect for 
the lines of that gas. No polarization of the radiation from the 
canal rays could be detected. 

Voigt,^ from theoretical considerations, predicts a polarization 
of the light emitted from luminous particles in an electrical field. 
This polarization should persist during the subsequent motion of the 
particle in the canal rays. 

Stark,' in a paper published during the present investigation, 
claims to have found this polarization in the light emitted by the 

» Ann. der Phys.j (4) 4, 197, 1901. 

* Detdsch. Phys. Gesell. Verh.y 8, 6, 1906. 
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canal rays. He used a Nicol prism as detector, but gives no detaik 
regarding precautions taken to eliminate the effects of reflections 
from the glass surfaces or of transmission through the strained glass 
forming the walls of the tube. 

Although no accurate quantitative measurements were taken of 
the sensitiveness of the Savart plate and Nicol prism here used, 
observations on the polarization of the light from the sky near the Sun 
and on the light reflected at small angles of incidence from black 
glass surfaces, taken with a knowledge of the sensitiveness of other 
Savart plates, showed that the detector here used would show a partial 
polarization of o. 5 per cent, of the total light. Incandescent lamps 
and electric discharges in all the tubes used and in all parts of the tubes 
showed strong polarization when viewed through this analyzer. In 
other words, this analyzer must have been forty or fifty times as sensi- 
tive as the Nicol prism used by Stark. But the canal stream in our 
case showed no polarization. The writer therefore feels that the effect 
has not been obser\^ed, and that the various theories which have been 
constructed upon it as an observed phenomenon must be re-examined. 

6. The influence 0} the electrical field upon spectral lines, — The 
theoretical deductions regarding the electrical analogue of the Zeeman 
effect do not lead us to expect that such an effect may be observed. 
Voigt {loc, cit.), for example, concludes that when a luminous vapor 
in an electrical field of 300 volts per cm is viewed at right angles to 
the lines of force, the spectral lines will be widened by one two- 
thousandth part of the distance between the D Uncs, or by 0.0003 
tenth-meter — a quantity which is outside the limit of observation. 

P>om another jx)int of view, however, we may expect an effect. 
According to Larmor,^ the motion of a source through the ether may 
affect the intrinsic free period of the radiant vibrations, the amount 
depending on the square of the ratio of the translatory velocity to 
the vclocitv of radiation. In all ordinary cases this effect would be 
negligible, but when the velocity of translation approaches that of 
the canal rays in hydrogen (sXio"^ meters per second), the square 
of the ratio would give a wave-length change of the order of 0.015 
tenth-meter — a quantity which may readily be observed. 

The light produced by the electrical discharge in uniform tubes 

^ Aether and Mutter, p. 46. 
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3 or 4 cm in diameter was examined perpendicularly to the direction of 
discharge at various points between the electrodes and also behind 
the perforated cathode. Thus the electrical field varied from zero, 
behind the electrodes, to its highest value (about 500 volts per cm) 
near the cathode. These tubes gave the Doppler eflFect for the 
hydrogen lines, but not for those of mercury. About thirty different 
plates were taken, the echelon prism being the analyzer, the times of 
exposure varying from 30 minutes to 3 hours. A comparison hydrogen 
and mercury tube was used. 

The data may be gathered together as follows. The hydrogen 
lines Hfi^ ff 7, ifS, have widths in the cathode layer, the canal stream, 
and the positive column of 0.5, 0.4, 0.12 tenth-meter. They are 
not shifted in any of these cases more than o.i tenth-meter. This 
is an upper limit determined by the use of the single prism F. The 
amount of shift, if any (on account of the width of the hydrogen 
lines), could not be measured by means of the echelon prism. The 
lines of the second hydrogen spectrum were not broadened, but 
appeared to be shifted both in the cathode layer and in the canal 
rays by o.oi tenth-meter toward the blue. The lines of the mercury 
spectrum XX 5461, 4359, 4047 were not shifted; they might have been 
slightly broadened. It should be noted that the lines of the second 
hydrogen spectrum were very faint in the canal stream, so that only 
the strongest lines appeared on the plate, viz. : XX 4642 ( ?), 4639 ( ?) ;' 

4586, 4581, 4574, 4503, 4223, 4213, 4205, 4176. 

Attempts were made to photograph the spectrum of helium using 
the luminous layer covering the cathode as source, but all such 
attempts failed owing to the very heavy discharge of the metal (alu- 
minium) of the cathode on the tube. The canal rays showed no 
broadening of the hnes. But the velocity of the luminous particle in 
the canal stream of helium as found by the writer is very small, so 
that no broadening was to be expected on account of the motion of 
the luminous mass centers. 

Since the broadening of the principal hydrogen lines is found 

» The lines XX 4642, 4639 appeared in the spectra of the hydropiri romparison 
tubes loaned by Professor Liveing and prepared by him with the pn'aicst (arc; also 
in the tubes prepared by the writer. If they are oxygen lines, they arc the only lines 
of that element in the spectra used. 
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behind the cathode where the electric field is very small, that result 
cannot be attributed to the electrical analogue of the Zeeman eflFect, 
unless the change of period persists after the particles escape from 
the influence of the electrical field in front of the cathode. 

Nor does it fall in completely with the prediction made by Larmor, 
whose theory requires a shift and only a small broadening. 

Nor does the theory recently advanced by Professor Thomson^ 
account for the effect. That theory accounts for the widening by 
considering the influence which vibrating electrified corpuscles have 
upon one another. The widening so obtained is proportional to 
or increases with the density of the synchronously vibrating corpuscles. 
But the density of the luminous particles in the canal rays cannot be 
nearly as great as it is in the ordinary discharge tubes. Consequently, 
on that theory the lines in the latter case should be the wider. This 
is contrary to fact. 

We may, however, account for the ^^^dcning here obtained in the 
following way. The gas in the neighborhood of the cathode is in part 
the source of the cathode rays. Let us consider, then, an atom with a 
negative corpuscle vibrating about it, and suppose that this atom 
ejected a negative corpuscle with great velocity; there would be a 
new differential motion of the atom and its satellite. In some cases 
this new relative motion would be tangential to the satellite's orbit. 
In consequence, the major axis of the orbit would in some cases be 
increased and in other cases decreased. If a represents the semi- 
major axis of the orbit, v the tangential velocity, and fi a constant, 

then Sa = — vBv^ where ^a and Sz' are the variations in major axis 



and tangential velocity. From T = 27r\/ - the relative change in 
period 



-> 12 






4 ira^ 



I J. J. Thomson, "A Tlicory of ihc Widening of the Lines in Spectra," Proc. 
Ctimb. Phil. Soc.f 13, t,iH, 1906. 
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Substituting the approximate values of T, a, and v, lo"'^^ io~*, and 
10*, we find that 

y = ±io-6fe. 

8r 

Since the value of -=r found in the case of the hydrogen lines is of the 

order of io~^, we find that Sv = 100 cm. That is to say,if the explosion 
which takes place when the negative electron is ejected as a cathode 
corpuscle is sufficient to cause a relative tangential velocity of the 
nucleus and electron vibrating about it as great as 100 cm per second, 
the radiation emitted by a group of particles would be rendered less 
homogeneous to the extent here foimd. The atoms which have 
thrown off a negative corpuscle are also those which will be set in 
motion by the electric field, so that, if luminous, they will exhibit the 
Doppler effect. On the contrary, if they do not show this effect, 
they should not on this theory show broadening. The lines in the 
canal rays of mercury and helium fall in with this test. 

In review of the topics treated in this paper, it may be noted that 
for discharges in air, for the luminous column between the electrodes 
of end-on discharge tubes, or for the canal rays, the only certain 
effect obtained has been a Doppler effect and widening of the lines 
in the canal rays in hydrogen, while for the influence of the electrical 
field upon spectral lines the only effect has been found to be a widen- 
ing of the hydrogen lines. It looks as though these phenomena 
were connected in the manner indicated in this paper. The other 
results are all negative. 

Roentgen rays in their passage through a luminous gas do not 
affect the radiations in any (as yet) measurable way, nor docs a 
strong electric field impose upon luminous particles any measurable 
polarization. 

These experiments indicate that hydrogen molecules easily acquire 
a positive charge (lose a negative electron), while the molecules of 
helium acquire this charge with difficulty. Does not this lead us to 
favor the view that the alpha particles given out l^y radioactive sub- 
stances are molecules of hydrogen rather than of helium, as held by 
Rutherford ? The radioactive phenomena, however, all favor helium. 
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ON THE RADIATION OF CANAL RAYS IN HYDROGEN' 

By J. STARK 
PART I. CARRIERS OF LINE SPECTRA 

§1. Introductory. — As the Zeeman eCFect indicates both by its 
magnitude and by its sign, the centers of emission for line-spectra 
are the negative electrons. These form one part of a distinct system 
of material or electrical centers; and it is this system which we pro- 
pose to caU the "carrier" (Trdger) of the line spectrum. 

In a gas rendered luminous by electrical means, there are, besides 
neutral atoms, positive atoms — i. e., atoms which, during the process 
of ionization, have lost one or more negative electrons. It is in 
these positive atoms (Atomionen) that one may expect to find the 
carriers* of the line spectra. 

A glow-discharge (Glimmstrom) was established in the open air 
between two electrodes placed in the same vertical line, the anode 
above, the cathode below. Into the middle of the discharge was 
introduced a bead of a lithium salt, when it was observed that the 
red color of the lithium traveled downward toward the cathode, in 
spite of the convection currents in the gas tending to drive it upward. 
This result^ may be explained in various ways upon the assumption 
that the positive lithium ions are transported by the current toward 
the cathode. First, one may suppose that the lithium ion is not 
merely the carrier of the positive charge, but is at the same time the 
carrier of the line spectrum. Or, secondly, it might be that the 
Ught is emitted by the neutral lithium atoms which arc formed by 
the reunion of positive ions and negative electrons at points between 
the bead of salt and the cathode. In view of the experiments des- 
cribed in this paper, the first explanation appears to be the correct 
one. 

Imagine an electric arc established between mercury electrodes in 
a vacuum tube to which has been fused a condensing chamber. A 

'Translated from advanced proofs of an article to ai)j)car in the .'4;z;^;/</; dcr 
Physikf communicated by the author. 

' J. Stark, Die ElekirizUdt in Gasen, p. 447, 1902. 

3 E. Riecke and J. Stark, Physikalische Zeitschrift, 5, 357, 1904, 
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jet of luminous mercury vapor will then flow into the condensing 
chamber from the path of the electric current. If now an electric 
field be passed through this vapor, ending upon a secondary elec- 
trode, then, before this field of force is made, the jet of vapor above 
the cathode yields the line spectrum of mercury; but as soon as the 
field is established the line spectrum of mercury disappears from the 
region above the cathode. This result^ can also be explained in 
different ways. First, it is possible that the positive mercur\' ions 
are the carriers of the line spectrum; so that, when these ions are 
dragged out of any region to the cathode, the line spectrum goes 
with them.. Or, secondly, it may be that the line spectrum is emitted 
by the neutral atoms which are excited by collision with negative 
electrons; the electric field drives these out of the stream of vapor 
to the cathode; and therefore in the region above the cathode the 
previously observed emission disappears. According to the results 
presented in this paper, it is the first of these explanations which is 
the correct one. 

In order to test these hypotheses concerning the carriers of line 
spectra, one might proceed as follows.^ According to the researches 
of W. Wien, canal rays arc always partly composed of positive ions 
moving with high velocities. If, now, they are at the same time 
emitting spectral lines, the positions of these lines must change, 
according to Dopplcr's principle, when the direction along which 
they are observed changes in reference to the direction of translation 
in the canal rays. This phenomenon is the subject of the present 
paper. Preliminary reports-^ on my earlier observations have already 
been published. In the meantime I have extended and improved 
upon these; but unfortunately my work has been interrupted by 
change of residence from Gottingen to Hannover, and it has been 
impossible for me to substitute, for the tentative results in Parts 
II and III, exact quantitative measurements. Nevertheless, I now 
I)ublish this account, in the hope that someone more favorably 
situated than I will take up these exi)eriments and carry them through. 

J 2. Method oj the experiment. — The laboratory had at its dis- 

I J. Stark, Anthdcn dcr Fhysik, 14, 520, 1904. 
J J. SUirk, Die FJcktrizitat in Gdscn, p. 457, 1902. 
.< |. Slark, PJiysikdIisclie Zritschrijt, 6, 8g2, igo5. 
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posal four high-tension batteries and one high-tension dynamo; 
these could be joined up in series so as to yield anywhere from 1,300 
to 9,000 volts. When still higher voltages were needed, say from 
10,000 to 60,000 volts, a large induction coil with a mercury turbine 
interrupter was used. With the arrangement of electrodes and with 
the low pressures which here had to be employed, the negative 
glow always extended up to the anode. Therefore the cathode- 
drop (defined as the potential diCFerence between the cathode and 
the negative glow) is always equal to the voltage between the elec- 
trodes; these quantities were measured by means of Braun electro- 
meters, reading from o to 3,000 and from o to 10,000 volts. This 
was the mode of working in all cases in which a constant and direct 
voltage was used. During the entire time of exposure the cathode- 
drop was maintained to within 15 per cent, of a constant value. 
If at any time the cathode-drop decreased by more than 15 per cent., 
the circuit was opened and the tube pumped out until the desired 
higher value was obtained. If, on the other hand, the vacuum 
became too high in consequence of the electric discharge, some 
additional gas was admitted until the cathode-drop again assumed 
its normal value. The strength of the current was measured by a 
Deprez ammeter. 

The vacuimi tubes employed were cylindrical in shape and 
from 3 to 6 cm in diameter. The cathode was arranged as fol- 
lows (see Fig. 2). A strip of sheet aluminium, i or 2 cm wide, was 
bent into a cylinder which would just fit into the vacuum tube. 
Across one end of this cylinder was riveted a circular aluminium 
disk which was perforated as densely as possible with holes of i to 
I mm in diameter. At the other end of the cylinder a platinum 
wire was attached, as shown in Fig. 2, and then passed through the 
side of the tube, where it served as one electrode. For anode was 
used an aluminium disk completely filling the cross-section of 
the tube. It was not permissible to make the anode small or to place 
it in a side tube; for if the cathode rays, instead of falling upon 
the metallic anode, struck the end of the tube, the glass became so 
hot that the atmospheric pressure was sufficient to crush it. With 
heavier currents, especially in case the induction coil was used, 
the aluminium anode, like the anti-cathode in Rontgcn bulbs, 
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was so highly heated that it disintegrated (zerstdubte) faster than the 

cathode. 

The distance be- 
tween anode and 
cathode was always 
chosen so large that 
the Crookes dark 
space did not reach 
the anode; for if this 
were not the case, 
then the current would 
cease altogether or the 
discharge become ir- 
regular. Accordingly 
this distance was 
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Cfi-JPangm 



'^CasUhabar 



CasbehaUgr 
Pig.l 



always greater than lo cm and generally amounted to 25 cm. In 
the observations on the Doppler effect with mercury lines it reached 
40 cm. 

That portion of the vacuum tube which lay behind the cathode 
and into which the canal rays passed varied in length, according to 
circumstances, between 4 and 20 cm. 
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vKimaLatr. 



Fig. 2 

As is well known, the cathode-drop increases as the gas-pressure 
diminishes, and simultaneously the length of the Crookes dark space 
increases; this length may therefore serve as a rough measure of 
the cathode-drop. This method was employed in the case of the 
induction coil, since it here became impracticable to use the electro- 
meter; that is, the current was interrupted as soon as the length of 
the dark space fell below a certain definite limit; then gas was 
pumped out until on again closing the circuit the dark space assumed 
a sufficient length. 
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The exhaustion of the tubes was accomplished by means of two 
air pumps of the oil type, one yielding 200 cc, the other 400 cc per 
stroke. The pumps were electrically driven, were carefully kept 
dry, and so were capable of producing in a short time a vacuum of 
o.oi nmi. In some experiments as, for instance, that with mercury, 
even lower pressures were desirable in order to obtain a high 
value for the cathode-drop. For this purpose a mercury pump was 
used in conjunction with the larger oil pump. Fig. i shows how the 
two pumps, the gas reservoir, and the tube were connected. At 
first, cock No. 4 was open, cock No. 5 closed, and the tube exhausted 
to the limit of the oil-pump; then No. 4 was closed, No. 5 opened, 
and the merciuy-pimip set into operation. 

The method of introducing the gas will also be seen from Fig. i. 
No. 3 was a three-way stopcock, one opening of which was closed 
with wax, so that the remaining opening formed an elbow. If a 
large amount of gas was to be admitted, the reservoir was attached 
to opening No. i, and cock 3 was set so as to be closed against i and 
2; then 6 was opened so that the portion of the tube lying between 
3 and 6 would fill with gas; next cock 6 was closed and cock 3 set 
so as to admit to the tube the portion of gas just entrapped. If, 
however, it was desired to admit only a small quantity of gas, then 
the reservoir was attached to the opening marked 2 ; cock 3 was so 
set as to be closed to the tube and to cock 6, while remaining open to 
2. The elbow in the cock would now fill with gas; and, on turning 
cock 3 through 90°, this elbow would empty its charge of gas into 
the tube, while remaining closed toward 2 and 6. 

The hydrogen for these experiments was sometimes taken from 
a cylinder of the commercial gas, but generally it was prepared from 
sulphuric acid and chemically pure zinc. Before admission to the 
vacuum tube it was passed through two tubes of phosphorus pent- 
oxide, the first 30 cm and the second 25 cm long. 

In determining the Doppler effect in canal rays the purity of the 
gas is a matter of great importance; for upon this depends not only 
the intensity of the radiation of the canal rays themselves, but also 
the straightness of their path (§9). It does not sufiice merely to 
fill the tube with pure gas; first of all, one must remove the gas 
which the electric discharge drives out of the electrodes and out of 
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the glass walls of the tube. The color of the canal rays in hydrogen 
is a sensitive means for judging of the purity of the gas. When pure, 
the color is a beautiful red, and as impurities increase the color 
deviates proportionately from red. At the beginning a new tube 
will develop so much foreign gas that, after the hydrogen is admitted 
and the electric current started, the canal rays immediately change 
color. In these experiments each new tube was purified as follows 
before any spectrograms were taken. First of all, a strong current 
was sent through the tube for half an hour, the oil pump being in 
continuous operation during the entire time. Then hydrogen was 
admitted until a pressure of lomm was attained, after which the 
current was broken and the hydrogen, together with the foreign 
gases, pumped out. If now, on closing the circuit for a moment, 
the dark space proved long enough, the current was applied for i 
minute; the canal rays generally showed at first a red color, but 
changed quickly into a bluish white. When this happened, then as 
before fresh hydrogen had to be admitted and the impurity pumped 
out. These operations were repeated until the canal rays in hydro- 
gen would maintain their red color for about 15 minutes. In general, 
this state of purity was obtained after something like 5 hours of 
treatment such as that described. 

Tubes were employed for making spectrograms only after they 
had shown the proper degree of purity; but it often happened that, 
during exposure, tubes gave off new impurities, so that the canal rays 
would change color. Or, on the contrary, the gas-pressure would 
diminish and the cathode-drop rise in consequence of self-exhaustion 
due to the electric current. For this reason the gas-pressure had to 
be renewed constantly — every 5 to 25 minutes — during the expo- 
sure; fresh gas was introduced either to sweep out impurities or to 
raise the pressure. 

It has been shown by E. Goldstein that the path of the canal 
rays, in the region behind the cathode, depends upon the curvature 
of the front surface of the cathode; and I have elsewhere' fully des- 
cribed the manner in which the direction of the canal rays is connected 
with the curvature of the electric lines of force in front of the cathode. 

If the front surface of the cathode is convex outward, then the 

I "Die Electriziliit in Giiscn, '' Winkrhtuuin's Ilandbuch, 4, 602, 1905. 
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canal Tdiys converge behind the cathode (Fig. 3a); but if the front 
surface is concave, they diverge (Fig. 36). Behind a plane cathode 
the canal rays generally converge to a slight extent; accordingly, 
one must make the front surface of the cathode slightly concave in 
order to obtain parallel rays (Fig. 2). This was done in most of the 
tubes used for my photographs. 





Fig. 3a Fig. 86 

The spectrograms of canal rays were taken either with a prism 
spectrograph or with a Rowland concave grating. The former has 
already been described elsewhere;^ the latter was kindly loaned 
me by Professor Runge near the end of my observations. The 
grating had a radius of i m, with 590 rulings to the millimeter, and an 
aperture of 8 . 6 cm. It was mounted in the manner employed by 
Professor Runge, with slit, spectrum, and center of grating on a 
circle; the camera was large enough to photograph at once the 
entire first order, and the second as far as X 5000. The scale of the 
first order was 16.4 A. U. to the millimeter. Sometimes I projeclcd 
the image of the canal rays upon the slit with the aid of a lens; gen- 
erally, however, the slit was placed close up against the tube to 
obtain greater intensity. 

The canal rays take their rise in different cross-sections of the 
region in front of the cathode, so that they complete a part of their 
course before reaching the canals of the cathode. The first cathode 
glow, so called, emits the spectrum of canal rays around this region. 
I have also taken several spectrograms of the first cathode glow. 
But these I shall not discuss here, confining my attention to s[X'Ctro- 
grams of canal rays obtained behind the cathode. On the front of 
the cathode there occurs a partial reflection of canal rays (§9), 
which is liable to introduce complications. 

§3. Character 0} the Doppler ejject. — To begin with, the dircclion 
of observation was chosen perpendicular to the ])eam of canal raws. 
An examination of the spectrograms, in the case of hydrogen, shows 

« Annalen der Physik^ 16, 493, 1905. 
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that the region traversed by the canal rays in the rear of the cathode 
emits both the line^ spectrum and the band* spectrum. By band 
spectrum we mean the so-called second or many-lined spectrum of 
hydrogen, which will be more fully discussed in § lo; at this point 
we consider only the line spectrum, including the series Ha^ H^y 
.... But Ha was not observ^ed, owing to the small sensitiveness 
of photographic plates in this region. 

et The normal direction of 

observation is indicated by 
a in Fig. 4; in the position 
marked b the canal rays are 
directed "end on" toward 
the observer; while in posi- 
tion c they make an angle 
of 45° with the direction of 
observation. 




\\ 



Kanalstr.—^ I 



Fig. 4 



D^ 



In Figs. 5a, 56, and 5^ the wave-lengths are plotted as abscissae, 
the intensities as ordinates. These figures represent the appearance 
of the hydrogen lines observed {H^y Hy, HS, He, H?, Htj) for the 
three different positions of observation. In the case represented by 





Fig. 5 c 



Fig. 5 a 



v — 

Fig. bb 



Fig. sa the hydrogen line appears strong at the position in the spec- 
trum where it is ordinarily seen. In the cases represented by Figs. 
56 and 5^ the hydrogen line is also seen in its usual position; but 
now its intensity is much less than in Fig. 5a; besides, it is accom- 
panied (on the blue side in 56, and on the red side in 5^) by a broad, 

1 A. Wiillner, FJiysikalische Zn'lsclirijt, I, 132, iSgg; E. Goldstein, Ann. d. 
Pkysikj 64, 44, I8f^S; Physikiilisclie Zcitschrijt, I, 133, 1899. 

2 J. Slark, and \V. Hermann, ibid., 7, 92, 1906. 
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hazy band. The presence of this band is explained as a Doppler 
eflFect produced by the translation of the carrier of the hydrogen 
series with reference to the observer. The intensity of the band 
is ascribed to the hydrogen particles in motion and may be called 
the "displaced intensity;" the intensity of the line which remains 
at its usual wave-length may be assigned to those hydrogen particles 
which have a small velocity relative to the observer, and may be 
called the "stationary intensity." 

As is shown by Figs. 56 and y, the region behhid the cathode 
emits simultaneously both displaced and stationary intensities; 
but the intensity observed in 5a results from the addition of the 
stationary and displaced intensities. 

If in the canal rays behind the cathode there were only a single 
velocity, then we might expect, according to Doppler's principle, a 
displaced line, which would be sharp and of the same breadth as 
the stationary line. From the fact that the displaced line is a broad 
band, we may therefore infer that in the rear of the cathode the canal 
rays travel with various speeds. These different speeds are to be 
measured by the difference of wave-length AX between the displaced 
intensity and the nearest edge of the stationar}^ line. Then by 

Doppler's principle we have ^=^(~jr)i where v is the velocity of 

the luminous source with reference to the observer, c the speed of 
light, and X the stationary wave-length. 

There are two causeswhich may bring about thesediflercnt velocities 
in the rear of the cathode. First, the canal rays may originate in 
different cross-sections of the region in front of the cathode, and may 
therefore drop through different ranges of potential before reaching 
the canals; or, secondly, those rays which leave the canals with the 
same velocity may lose different proportions of their translational 
energy by collision with gas particles in the rear of the cathode. 

One striking feature of the Doppler effect is that between the 
stationary line and the displaced intensity there is an intensity mini- 
mum. This may arise either from the fact that low velocities are 
not very frequent or that they are in some way connected with small 
intensities. In § 14, Part II, we shall again consider the origin of 
this minimum and of the stationarv line. 
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What concerns us here especially is the maximum value of the 
displacement AX^, that is, the distance of the outer edge of the 
band from the inner edge of the stationary line. This maximum 




Fig. 6 a 



Fig. 66 





Fig. 6c 



Fig. 6(2 






Fig. 6^^ 



Fig. 6/ 



a. a single speed; 

\ miiny low speeds; 
• f few hiKh speeds; 
c, rctiection on glu&s wall; 



b, a single maximum; 

(/. two maxima; 

/, dispersion in a heavy gas. 



displacement measures the maximum speed of the line-sources in 
the rear of the cathode, namely, '^'m=<^[~\ )• 



The maximum velocity of the canal is computed as follows: 



A I 



where e is the charge and fi the mass of a canal ray particle, and 
AV the cathode-drop in potential. 

The Doj)f)Ier effect, as described above, may be called normal; 
it is what one obtains when the gas is pure, and the cathode-drop is 
kept constant during the exposure for the spectrogram. For the 
sake of completeness, however, some other types are described in 
Figs. 6a-}. Fig. 6a illustrates the hypothetical case in which the 
canal rays have only one velocity; Fig. 6^ represents the normal 
type; Fig. 6c shows the effect on a plate exposed for a short while 
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with a large cathode-drop and a long while with a smaller cathode- 
drop; Fig. 6d is obtained when the two different values of the cathode- 
drop are widely different; Fig. 6e illustrates a case to be described 
later, namely, that of the reflection of canal rays on a glass wall; 
and Fig. 6/, the case of dispersion of canal rays in a heavy gas — a 
phenomenon which will also be described below. 

§ 4. Constancy of the Doppler effect within any one series, — There 
are two constant errors which may affect the measurement of 
the quantity which we have called the maximum displacement, 
i. e., the distance between the outer edge of the band and the nearest 
edge of the stationary line. First, if the stationary line is strong, 
its image spreads upon the photographic plate and gives an abnormal 
width, thus making the maximum displacement too small. Secondly, 
the outer edge of the band is generally diffuse, so that in setting 
upon its boundary one is apt to make the maximum displacement 
again too small. 

Table I, obtained from a grating spectrogram, gives the maxi- 
mum displacement for the hydrogen lines H/S, Hy, //S, and //e, 
and also the largest velocity of the corresponding carrier (Trdger). 
Taking into consideration the constant error, one might say that the 
maximum velocity of the carrier is the same for all hydrogen lines. 

TABLE I 



Wave-Length A 



Max. 
Displacemrnt 

m 



Mean Error 



Constant Error 



VelocitN f 



.^A 



ns 



J//3486I.5 


7 58 A. 


0.18 


1/74340.7 


717 


0.12 


H84101.8 


6.25 


0.12 


He 3970.2 


5 12 


0.12 



A\„, too small 



4 67 lo" cm. set 
4-'K io~ 



-ij 



^\«, too small 
AX^^ too small 



\0' 



4 5 



.^ ^7' 'O' 



All hydrogen lines have, therefore, the same carrier. 

Arguing from the homology which exists between the series 
lines of the chemical elements, one may perhaps make tlic following 
generalization. All lines of one and the same series belonging to 
a chemical element have the same carrier. This theorem has l)een 
verified also in the case of mercurv, for which see communications 
in the Annalen der Physik, No. 13 of 1906. If all the lines of the 
series are emitted by one and the same carrier, then it is to be e.\i)ecte d 
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that their wave-lengths will be connected by formulae such as have 
in fact been discovered by Balmer, Rydberg, Kayser and Runge. 

§ 5. Electric charge of the carrier of the hydrogen series. — Is the 
carrier of the hydrogen series a neutral hydrogen atom or a posi- 
tively charged hydrogen ion ? The canal rays themselves, in hydro- 
gen, consist, according to the measurements of W. Wien,^ of positive 
hydrogen ions moving with high velocity. If the ions of the canal 
rays are the sources of the series lines, then it is clear that the series 
lines must show the Doppler effect. If, however, the series lines 
have their origin in the neutral atom, then it remains to be explained 
how the neutral atom acquires the high velocity which the Doppler 
effect would seem to indicate. 

It may be that the ions of the canal rays have a high velocity 
and yet emit no spectral lines; when now they collide with neutral 
atoms, they transfer velocity to these, and thus produce emission of 
the series lines. There are several facts, however, with which this 
explanation is not in harmony. First, the displaced line does not 
diminish in intensity when the gas-pressure is lowered, thus making 
the collisions less frequent (sec Part II.) Secondly, in the case of 
mercur}', one finds three groups of lines for which the squares of the 

reduced maximum displacement (-v^) are in the ratio 1:2:3. 

Thirdly, neutral hydrogen which has not been ionized does not 
absorb the wave-lengths //a, H^^ .... even when thick layers of 
the gas are employed. 

The assumption, on the other hand, that the scries lines have their 
origin in the charged ions of the canal rays implies these very facts 
as necessary consequences. It is therefore highly probable that 
the carriers of the series lines in hydrogen are the positive hydrogen 
ions. 

From the cathode-drop (^V) and the maximum displacement 

(A\„,) the specific charge ( j for the hydrogen rays may be com- 
puted. Table II contains the data for this purpose derived from 
one series of spectrograms. The tlrst column gives the line on which 
the maximum disphicement was measured; the second, the cathode- 

> Antuilni dcr Ph\"^ik, 5, 421, looi; 8, 257, i(>02; 9, 660, 1902; 13, 669, 1904. 
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TABLE II 



Lines Measured 


Observed 

Cathode Drop 

(Volts) 


Computed Speed 
(Volts) 


- from Observed 

Cathode Drop and 

Maximum 

Displacement 


HS 


5000 
4200 
42CX) 
2500 
2500 
2000 


1800 
1600 
1600 
1400 
1300 

IIOO 


3. 42 103 
3.61 "103 
3.61103 
5.32-103 
4.94" I03 
5.22 I03 


H8 


*H8 


H8 


Hy 


H8 


*HB 


3000 


2100 


6.65" I03 





drop as observed on an electrometer during exposure; the third, 
the kinetic energy (i/^v') in volts as computed from the maximum 

displacement, on the assumption that for the "carriers" - = 9.5X10^ 

electromagnetic units; the fourth column gives the value of the 

specific charge - , computed from the formula 

,1 2AF\ \ ) ' 

where AF is the observed cathode-drop. 

We shall now consider whether the method of computing the 
fourth column is justified. AX^ is affected by a constant error 
which makes its observed value too small, whence the computed 

value of - is always less than it should be. The value employed 

for AT is the largest value of the potential-difference through which 
the ions of the canal rays pass. Now, first of all, it is possible that 
the ions in front of the cathode do not experience the whole, but 
only a part, of the potential drop AF; and, secondly, the results of 
Part II show it to be a fact that, in the region behind the cathode, 
the canal rays lose kinetic energy through radiation; and hence the 
farther the canal rays travel, the less their si)ce(l. If, therefore, 

in the computation of - the observed values of the cathode-drop 
AF are employed, too small a value of will always be obtained. 
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Accordingly, the values of - given in column 4 of Table II repre- 

sent merely the lower limit of the actual value. In other words, 
the specific charge of the "carrier" of the hydrogen series is greater 
than 6.6 Xio^. 

W. Wien has determined the largest value of - for hydrogen to 

be 9.5 Xio^; this is for a univalent positive hydrogen ion. A 

bivalent hydrogen ion would have a specific charge - = 19X10^. It 

is not at all likely that the value obtained by me is the lower limit 

of 19X10^; it is more probable that the actual value of - for the 

carrier of the scries is 9.5 Xio^, and that this carrier is therefore 
the univalent positive hydrogen ion. 

One seems to be justified, therefore, in assuming the value 9.5X 
10^ in computing the third column. A comparison of this with the 
second column shows that the actual kinetic energy of the canal 
rays behind the cathode is greater in proportion as the cathode- 
drop is greater, but that the former is always from 30 to 60 per cent, 
less than the latter. 

A word may be said here concerning the diminution of speed 
in canal rays, mentioned above and described more fully below. 
In Table II there arc two horizontal rows marked bv an asterisk. 
In the case of the up])er line, the collimator tube was placed in the 
position b of Fig. 4, while in the case of the lower line it was in the 
position c; the portion of the tube in the rear of the cathode was 
15 cm long. In the b position the ratio of the computed to the 
observed cathode-drop was, according to the table, JS',', JJ =2''^r> ^^'hile 
for the c ])osition this amounted to H\\\\ = i"„- 

§ 6. Electric cliari^c oj the carriers oj series oj doublets and triplets, 
complexity oj the line spectrum oj an element. — Using the notation 
of Kayser and Rungc, the hydrogen series Ha, H0, .... is a 
first subordinate series of doublets, the frequency-difference of its 
c()mi)onents being 0.33. From what f)recedes we may infer that 
the carrier of tliis first subordinate series of doublets is a univalent 
[)ositive hydrogen ion. 

In another article it will be shown that the carrier of the principal 
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series of doublets of potassium is probably a univalent potassium 
ion. 

As will be seen from a later paper, on the Doppler efiFect with 
mercury, there appears in the mercury spectrum a line (X 2536) whose 
carrier is a univalent mercury ion. From the homology existing 
between this and certain lines in the spectra of zinc and cadmium 
we may infer that this line also belongs to a series of doublets. 

These three cases, in which the series of doublets have a univa- 
lent positive ion for carrier, lead one to conclude, on the basis of a 
widespread homology, that in general the carriers of series of doublets 
are univalent positive ions. 

Among series of doublets are to be reckoned the principal series, 
the so-called first and second subordinate series of doublets, and 
the line-series, called by Rydberg "secondary series," w^hich accom- 
panies the first components of the first subordinate series on the blue 
side. We may suppose all of these series to have the same univalent 
positive ion as carrier; indeed it is quite possible that this ion emits, 
besides the above mentioned and known series, still other lines whose 
place in the series of doublets has not yet been recognized. 

If the difiFerent series are due to one and the same carrier, as is 
the case with the diifferent members of a single series, then we might 
expect some systematic relation between the difTcrent series such as 
has already been found between the various members of a single 
series; in consequence of their having a common source, there would 
be certain conditions connecting them one with another. And this 
is, in fact, the case. For, according to Rydberg,^' the pairs of the 
first and second subordinate series have the same frecjucncy clitTcr- 
ence; in addition to this, the two scries have the same convergence 
frequency. The second subordinate series of doublets is related 
to the principal series by the fact that their first terms {m--=i) are 
numerically identical, as shown by the equation 

w _ 1 I 

The components of each member of this subordinate scries exhibit 
the same Zeeman efiFect as those of the principal series but in reversed 
order. 

^ Svenska Vet. Ak. Handl., 23, No. 11. 
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As will be shown in the following paper on mercury, the two 
subordinate series of mercury triplets have a bivalent mercur)*^ ion 
as carrier; this probably emits, besides the series, other lines which, 
having a simultaneous origin in similar sources, are probably related 
with the series of triplets. The two subordinate series of triplets of 
course satisfy the condition that their convergence frequencies should 
be the same, and that the frequency difference between the com- 
ponents of the members should be equal. In the case of mercury 
there appear, in addition to lines which have a univalent or bivalent 
carrier, also lines whose carrier is trivalent, as, for instance, XX 4078 
and 4347. According to § 15, these apparently belong to a term 
in which no less than seven components are associated. It is prob- 
able that trivalent ions emit scries, and that the number of com- 
ponents in each term of the series is greater than three. 

Univalent ions emit series lines of two components; bivalent 
ions emit series of triplets; ions of higher valency should emit series 
of which the members have more components in proportion as the 
valcncv increases. 

Series having members of more than three components have 
not yet been discovered. However, Kayser and Runge' have found 
that in the spectrum of bismuth there are quadruplets, and in anti- 
mony sextuplels, with constant frequency differences which repeat 
themselves. C. P. Snyder^ has found in the spectrum of rhodium 
a group of 19 lines repeated as many as 54 times. The chemist 
fmds bismuth and antimony to be trivalent and pentavalent; in like 
manner rhodium is bi-, tri-, and quadri-valent. 

From what precedes it would appear that the higher the valency 
of an ion becomes, the more numerous are the components in its 
series lines, and therefore the more comi)lex is its spectrum. If we 
are to believe that chemical valence also cuts an important figure in 
si)ectroscopy, we may also expect that any element will give a spec- 
trum richer in lines in pro].>ortion to its chemical valence and in 
|)rop()rlion to the number of ions of different valencies which it is 
able to form. And this a])pears to be the fact of the case. In Table 
III are <^iven tlie elements of a single horizontal row of the periodic 

^ Ahhiiiiill. J. Berlin Aktuf., i8(j4. 

^ Astrnphysiciil Journal, 14, 170, if;oi. 
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system, together with their chemical valencies and their arc and 
spark lines. 

If at the temperature of the arc or of the spark any element 
produces several different kinds of ions, then the resulting line spec- 
trum consists in the superposition of the spectra of these different 
sorts of ions. 

TABLE III 



Element 


Valency 


Lines 

in the 

Arc 


Lines 
in the 
Spark 


Region of Spectrum 


Observer 


K 


I \ 


41 


133 


2942.8—7699.3 
2341.7 76993 


Kayser and Runge 
Edcr and Valenta 


Ca 


1,2 1 


io6 


165 


2200 . 84 — 6499 . 85 
2081.53 6499.85 


Kayser and Runge 
Eder and Valenta 


Sc 


- 1 


no 


142 


3907.62 5717 54 
2232.98—4744.02 


Lockycrand Baxandall 
Exner and Haschek 


Ti 


2, 3» 4 \ 


865 


1337 


3477-33 5899 65 
2154.80—4698.93 


Hassclberg 

Exncr and Haschek 


Vd 


I, 2, 3. 4. 5 1 


627 


243 ^ 


3094.79 5786.41 
2131.8 467065 


Rowland and Harrison 
Exncr and Haschek 


Cr 


2» 3. 6 1 


770 


1572 


3433 42 5797 02 
2173.44 4601.2 


Hasselberg 

Exner and Haschek 


Mn 


2, 3. 4, 7 J 


^'^ZZ 




2346.58 5748.75 


Frilsch 






II52 


2215.31 47o<)-90 


Exner and Haschek 


Fe 


2, 3, 4. 6 1 


4620 




2230.01 — 6750.36 


Kavser and Runj^c 




2290 


2068 . 25 — 4736 .96 


Exner and Haschek 



The ratio of intensities in the different spectra depends upon the 
degree of dissociation for each valency, and upon the temperature 
when the amount of dissociation remains constant. In the spectrum 
of copper there are triplets* as well as doublets; so also in the sj)ectra'' 
of Mgy Ca, Sfy Bay Ra, Zn, Cd, Hg; in the spectra of the last three 
elements there appear, beside doublets and triplets, still other h'nes. 
The line spectra of Li, Na, Ky Kb, and Cs are dominated by series 
of doublets; and they are found again, together with other lines in 
the spectra of Au, Ag, Al, In, and Tl. 

§ 7. Conclusions concerning ionization and emission oj lii^ht. — 
According to the preceding pages, the carriers of line spectra of 
the elements are the positive ions. A vapor which is emitting a 

« J. R. Rydberg, Astrophysical Jourmi/, 6, 237, iSi;;. 

3 Runge and Paschen, Ahluindlungcn der Berlin Akad., r()02. 
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line spectrum is therefore necessarily an ionized or electrically con- 
ducting substance. A special case of this general theorem is the 
following. When a bead of some alkali salt is introduced into a 
Bunsen flame, there appears simultaneously the line spectrum of 
the alkali and a marked increase of electric conductivity in the 
flame. The particles which emit the line spectrum are the positive 
ions and not the neutral atoms of the alkali; the number of lumi- 
nous particles involved in the line spectrum is therefore less than 
the number of atoms introduced into the flame; it is proportional 
to the degree of electrical dissociation, i. e., to the ratio of the number 
of positive ions to the total number of atoms introduced. H. A. 
Lorentz' shows, on theoretical grounds, that the number of luminous 
particles in the Bunsen flame producing the line spectrum is much 
smaller than the total number of atoms of the alkali introduced. 
From his computation and from the results of E. Wiedemann' the 
ratio of these numbers is, in the case of a sodium salt, 2.4XIo~^ 

The converse of the above theorem is that w^hen a gas becomes 
electrically conducting or is ionized it emits a line spectrum. This 
proposition, however, is not true; for the emission of a line spectrum 
depends not simply upon the presence of positive ions, but requires 
also that the temperature shall be sufficiently high. Yet absorption 
is perceptible at all temperatures. We may therefore conclude 
that a gas absorbs its line spectrum from a transmitted beam when 
there is present in the gas a large number of positive ions; but if this 
condition is not satisfied, the gas .docs not absorb its line spectrum. 
It is known that the oxygen and nitrogen of the Earth's atmosphere 
do not absorb their line spectra from sunlight even though passing 
through such an enormously thick layer; the number of positive 
ions in the atmosphere is exceedingly small. In like manner, thick 
layers of non-ionized mercury vapor or of hydrogen will not, at 
moderate temperatures, absorb the slightest trace of their line spectra. 

§ 8. Widening oj spectral lines by increase of density, — The width 
of spectral lines can be increased without rise of temperature by 
merely increasing the density of the luminous vapor. This kind of 
widening is not caused by the Doppler elTect, but rather by a force 

I Proceed. Akdd. Amsterdam, 1005, p. 501. 
^ A finale n drr Physik, 37, 212, 1S89. 
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which deforms the radiant ion and thus changes the period of the 
lines emitted. 

\V. Voigt^ has shown on theoretical grounds that the electrical 
force acting upon a radiant particle would by deformation alter the 
wave-length of its spectral lines. According to H. A. Lorentz/ a 
disturbance of the radiation, and hence a widening of the line, would 
occur long before the radiant particle had traversed the free path 
assigned to it by the theory of gases; in other words, a radiant par- 
ticle is subject to distorting forces even when its distance from other 
particles is much greater than the diameter of the sphere of action 
demanded by the kinetic theory. 

The radiation of the positive ion occurs in the electric field of 
the positive charge; and this field, even at a considerable distance 
from the ion, has a large value. The sphere of action of the positive 
ion is therefore greater than that of the neutral atom. The distort- 
ing force between a positive ion and another particle would be 
effective at greater distances than the force acting between two 
neutral particles. 

§ 9. Reflection and dispersion 0} canal rays, — The reflection of 
hydrogen rays by glass has already been described by W. Hermann 
and S. Kinoshita,3 and we here merely add some numerical data. 
With a grating spectrogram I have measured the maximum displace- 
ment AX,, (see Fig. 6^) due to the Doppler effect for the reflected 
H0 and Hy rays; the speed of the incident rays as computed 
from their maximum displacement AX,- was from 4.67 to 4.97 

Xio' — (1300 volts). The quantity (\.-) gives the fraction of 
sec YiAAj/ 

the incident energy which is reflected by the glass wall. In the case 

just cited this amounts to 0.35 for H/3j and 0.18 for Ily. The 

impact of a hydrogen ion against a solid glass wall is therefore not 

perfectly elastic; nor is it perfectly inelastic; with a xelocity due to 

a drop of 1,300 volts the ion loses, on impact, from 65 to 82 per cent. 

of its initial energy and retains, after reflection, from 35 to 18 per 

cent. Hermann and Kinoshita have already observed the dispersion 

» AnnaUn der Physik, 4, 197, igoi. 

2 Proceed. Akad. Amsterdam, 1905, p. 501. 

3 PhysikaJische Zeitschrijt, 7, 564, 1906. 
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of hydrogen rays in a heavy gas. The following obsen-ations deal 
with the dispersion of hydrogen canal rays in hydrogen itself. 

As already indicated in § 3, the sum of the stationary and dis- 
placed intensities is obtained when the tube is viewed in a direction 
at right angles to that of the canal rays. I have taken a larger num- 
ber of spectrograms in this position under both high and low gas- 
pressures. On comparing 
these I find the following 
facts : With high pressures 
the strong line when viewed 
normally appears upon a 
weakened darkened back- 
ground, as mdicated in Fig. 




Fig. la 



Fig. 76 



Fig. 7c 



7a. When the gas-pressure is lowered, the intensity of the background 
diminishes and the line itself becomes sharper (Fig. 76) ; at still lower 
pressures the background ceases to be visible even when the intensity 
of the line is vcr}' great (7c). This peculiar widening of the hydrogen 
lines at higher pressures may be explained in the following manner. 
A small portion of the canal rays originally moving along a straight 
path at right angles to the line of sight collide with hydrogen mole- 
cules, and are retlected by these to one side so as to acquire a velocity 
component in the line of sight, either toward or away from the 
observer. Therefore both to the right and to the left of the undis- 
placed line we have the Doppler effect. The intensity, however, 
will diminish as the number of collisions of canal ravs w4th neutral 
gas particles diminishes, i. e., as the gas-pressure diminishes. Even 
with the naked eye it is seen that canal rays in hydrogen are less 
diffuse as the pressure diminishes. 

§ 10. The line at \ 4688, and the handed spectrum oj canal rays. — 
Starting from the second subordinate series, J. R. Rydberg^ has 
computed the wave-length of the first line in the principal series of 
hydrogen to be 4687.88. In some bright stars there is, besides the 
known hydrogen lines, a strong line at X 4688. 

Hasselberg' lias measured the wave-lengths of a large number of 
lines in the banded spectrum of hydrogen; and among these he 
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counts the lines at X 4689.39 and X 4685.97. Both of these lines 
I have found on all of my spectrograms. In the spectrograms of 
the negative glow and in the spectrograms of the canal rays, observed 
when the line of sigljt is perpendicular to the rays, the space between 
the two lines is bright; but in the spectrograms taken in the positions 
b and c of Fig. 4 the interval between the two lines is filled with a 
dark, weak, hazy band. 

In my preliminary paper I thought I saw in this band the Dop- 
pler efifect of a line at X 4688, and considered it the first line of the 
principal series. Yet, in spite of many attempts with later and 
better spectrograms, I have not succeeded in accurately determining 
the wave-lengths of the edges of this band; the difficulty lies in the 
small intensity of the band and in the proximity of the two lines 
in the banded spectrum. I cannot therefore conclude that the line 
at X 4688 and its Doppler efifect have been shown on my plates. 

As already mentioned, the region which is traversed by canal 
rays emits both the linear and the banded spectra of hydrogen. The 
lines of the banded spectrum are sharp and narrow, but they never 
show any Doppler effect either in the negative glow, or in the glow 
which covers the cathode, or in the space traversed by the canal 
rays; and this is true whatever be the direction of observation. 
From these facts we may infer the following: The banded spectrum 
and the line spectrum of hydrogen do not have the same carrier; 
the banded spectrum is not emitted by the positive hydrogen ion. 
The carrier of the banded spectrum has neither a positive nor a 
negative charge; for an electric field docs not impress upon it a 
velocity in any direction. Nor is the banded spectrum emitted by 
neutral hydrogen atoms which are brought into luminosity by collis- 
ion with canal rays; for in this event the colliding hydrogen atom 
would receive from the incident canal ray, not merely internal energy, 
but also energy of translation. Besides this, it is to be rememl)crc(l 
that hydrogen which is not ionized will not absorb, e\'en in great 
thicknesses, the slightest trace of its banded spectrum. 

A good while ago I suggested' that the l:)anded spectrum of an 
element is produced at the instant when positive ions unite with 
negative electrons and is emitted by the neutral system formed by 

* Annalen der Physik, 14, 525, 1904. 
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the parts thus uniting. In a later paper* I have shown how easily 
and naturally the properties of banded spectra flow from this hypothe- 
sis. But to avoid misunderstanding, the following remarks are 
added. 

By banded spectra are meant those which we observe as a secon- 
dary phenomenon in ionization and in electric currents in gases. 
The banded spectrum which appears in certain gases, such as oxygen 
and iodine vapor, independently of ionization or of electric conduc- 
tion, is not the one here discussed. This belongs rather in the 
group of spectra of compounds, as illustrated by carbon dioxide and 
water vapor; also by a series of oxides and halogen compounds when 
used in the Bunscn flame. This latter spectrum apparently has its 
origin in the reaction between the parts of the molecule, just as the 
former has its origin in the reaction of the negative electrons upon 
the positive ions. 

The lines of a banded spectrum ditTcr from those of a line spectrum 
in the following respect: at high temperatures the former disappear 
in a continuous background, while the latter increase in intensity. 
The Doppler effect is not to be expected in the lines of bands, but 
only in those lines which become intensified by rise of temperature; 
these are precisely the lines which belong to the line spectrum; 
they are strong in the arc and still stronger in the condensed spark. 

This hypothesis concerning the carriers and the constitution of 
banded spectra resembles, in some points, the view expressed long 
ago by E. Wiedemann,^ that the line spectrum is a function of the 
separate atoms in the molecule, and that the quantity of heat which 
is necessar}' to transform the banded into the line spectrum is meas- 
ured by the maximum value of the heat of dissociation of the hydrogen 
molecule. 

» Physikdiischc Zcitschrijt, 7, 355, IQ05. 
2 Wicd. Anu., 5, 506, 1S78; 10, 252, 1880. 

[To be continued] 



THE ABSORPTION OF SOME SOLIDS FOR LIGHT OF 
EXTREMELY SHORT WAVE-LENGTHS 

By THEODORE LYMAN 

The obsen^ations recorded in this paper deal with that part of the 
spectrum discovered by Schumann which lies between X 2000 and 

o 

X 1250 Angstrom units. The region possesses considerable interest, 
for to the ordinary problems of spectroscopy — the radiation and 
absorption spectra of sohds and gases, and the reflecting power of 
metals — must be added questions connected with the photo-electric 
effect and with the physiological action of light. The author's' 
determination of the wave-lengths of the hydrogen spectrum afford, 
it is to be hoped, trustworthy landmarks by which future investiga- 
tions in the region may be guided. It next becomes necessary to 
improve, as much as possible, the facilities for such explorations. 

The grating spectroscope' which the author used in previous 
work, though well adapted for wave-length measurement, is not con- 
venient for general investigation. The large size of the vacuum 
receiver, no cm long by 11.3 cm in diameter, renders the process 
of exhaustion tedious; the length of the light-path within the api)ara- 
tus, almost 2 m, exaggerates the importance of absorbing impurities 
in the gas; and the relatively small amount of light obtained in any 
one grating spectrum renders the study of feeble radiation clilTicuh. 
The use of a prism spectroscope offers im])rovcment in all these 
respects. The difficulty, however, of obtaining suitable ])risms and 
lenses is considerable; white fluorite is the only substance which 
has been used in the past for this purpose, and even this very exj)en- 
sive material absorbs completely in the neighborhood of \ 1 230— a 
point nearly two hundred units above the present limit of the s|)ec- 
trum. 

The purpose of the present investigation was therefore ])urely a 
practical one — namely, to discover, if possible, some sul)>tanee whit h 
should be as transparent as fluorite, and which should exist in clear 

^ Astro physical Journal f 23, 181-210, t()o6. 
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masses of sufficient size to permit the manufacture of prisms and 
lenses. Of course, the discovery of some material more transparent 
than fluorite would be most welcome, even if it existed only in small 
crystals; for such a substance would serve the much-needed purpose 
of a window for the large vacuum spectroscope. 

In testing the transparencies of a large number of substances for 
light of very short wave-length the method described in a former 
paper,* though accurate, is tedious. The author has, therefore, con- 
structed a new instrument for the purpose. In it the photographic • 
plate is replaced by a fluorescent screen coated with willemite, and 
the place of grating is taken by a concave mirror and fluorite prism. 
The construction may be understood by referring to Fig. i. A brass 
casting, with a cavity of circular cross-section 8 cm in diameter, con- 
tains the mirror and the prism; the top of the casting is closed air- 
tight by a plug which screws into place. Into the sides of the casting, 
and nearly at right angles to each other, fit two brass tubes. One 
of these tubes 21 cm long carries a flange at its far end closed air- 
tight by a glass plate. The fluorescent screen P is placed a few cen- 
timeters from this plate and may be observed through it. The other 
tuba cirries the source of light. In order to secure the necessary 
brilliancy of illumination, no slit is used, the end of the capillary of 
a discharge tube serves itself as the source. The details of the arrange- 
ment arc shown in Fig. 2. One electrode of the tube is formed by 
a platinum wire sealed in the usual manner, while the other electrode 
is the brass casting itself. Thus, when the apparatus is exhausted 
the discharge pisses from the platinum along the capillary to the 
sides of the casing, the end of the lube, some 0.9 mm in diameter, 
furnishing a bright point of light. The bits of the substances whose 
transparencies are to be examined are fastened over the holes of the 
disk shown in the illustration. This disk can be rotated through a 
simple cog mechanism, by a key fitting air-tight in the screw cover 
which closes the end of the casing lube. By this rotation the speci- 
mens are brought in turn before the end of the capillar}- and at a 
(listLince of about 6 mm from it. 

The mirror employed is of speculum, radius of curvature 25 cm, 
and the mounting is of a very simple form permitting movements 

I Loc. cit., p. i()6. 
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about horizontal and vertical axes. The prism is of excellent white 
fluorite, by Zeiss, angle 60®; it is mounted on a table fitted with 
leveling screws. 




Fig. 



Fig. 2 



The exact dimensions are not essential to the success of the appa- 
ratus; Fig. I is one-third, and Fig. 2 is two-thirds, of natural size. 
It is worth noting that the screw- joints which close the jorism-chamber 
and one of the casing tubes have proved more satisfactory than 



48 THEODORE LYMAN 

flanges with ground plates. In order to secure an air-tight joint, it 
is necessary only that the screw-threads be carefully cut and well 
covered with stopcock grease. Brass apparatus made from castings 
are almost sure to contain pin-holes, but the resulting leak may be 
reduced to a minimum by the use of thin shellac. 

It is obvious that the optical arrangement of the apparatus is 
such that no great perfection of definition is to be expected. For 
the rough tests for which the instrument was constructed this, how- 
ever, is not a serious drawback. 

The operation of the instrument is as follows. The mirror and 
prism are so adjusted that the lines at the extreme ultra-violet end of 
the aluminum spectrum at X 1854 fall on the end of the fluorescent 
screen. This arrangement is secured by the use of an aluminum spark 
in air and a slit temporarily placed in the casing tube at the point 
usually occupied by the end of the discharge capillary. A piece of 
fluorite of known transparency is then fastened over one of the holes 
in the movable disk, a second hole is left open, while the remainder 
are closed with pieces of the substances whose transparencies are to 
be tested. The temporary slit is now removed, and the face-plate 
with its discharge capillary and revolving disk is screwed into place. 
The casing is now connected with a vacuum pump, and the pressure 
is reduced to a value of about 0.3 mm of mercury. The apparatus 
is then washed three or four times with dry hydrogen, the pressure 
being finally reduced to 3 or 4 mm. The observer, seated in a 
darkened room, starts the current through the discharge capillar}-; 
with no absorbing medium in the light -])ath, the spectrum will then 
be seen to extend cjuite across the fluorescent plate — a distance of 
about 5 cm. Next, by turning the key on the outside of the face- 
plate, the fluorite and other absorbing sul)slances come in succession 
in front of the capiUary, and their effect on the length and brifliancy 
of the spectrum is determined. \n ])ractice it was found convenient 
to use a piece of (jiuirtz for com|):irison in many cases, since most of 
the substances testerl were far inferior in transparency to colorless 
fluorite. The resuUs obtained by tliese eye observations were checked 
in aU imj)ortant cases l)y the photographic method, the large grating 
spectrosc()])e being used for this ])urj)()se in a manner described in 
the former j)aper. Conij)arison showed that the rough [)rism instru- 
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ment could be trusted to detect the difiFerence in transparency of two 
substances the length of whose spectra, when obtained photographi- 
cally, difiFered by not more than fifteen Angstrom units. If it be 
remembered that the object of the investigation was a purely practi- 
cal one, it will be seen that this prism instrument fulfils the purpose 
for which it was intended. The arrangement of mirror, prism, and 
fluorescent screen may be employed for other purposes than that of 
measuring the absorption of solids; for, if the open capillary is replaced 
by an "end-on" discharge tube closed by a fluorite window, sealed 
into the face-plate and separately exhausted, the apparatus serves 
to demonstrate the absorption of the air. If the discharge tube is 
excited and the casing is attached to a vacuum pump, the spectrum is 
seen to extend itself across the fluorescent screen as the pressure 
is diminished. 

A further modification of the arrangement will permit of an approxi- 
mate determination of the limit of reflection of metals in this region. 

The transparency of the following substances has been tested. 

Quartz, — Quartz in thicknesses of from i to 2 mm shows con- 
siderably greater transparency than was to be expected. Spectrum 
No. 5 of Plate lobtainedwiththegratingspectroscope, shows lines to 
wave-length X 1 500. The slit- width was o . 09 mm, as in all the follow- 
ing cases; the source was a vacuum tube filled with air at about i mm 
pressure; the time of exposure was eight minutes. The light passed 
through the usual fluorite window before reaching the quartz plate. 

Spectrum No. 4 shows the transparency of a column of quartz 
2 cm long. The rapid increase of absorption with thickness here 
indicated explains why quartz prisms and lenses were found by 
Schumann to be useless for work beyond X 1600. 

Spectrum No. 3 shows the absorption of a quartz plate 0.2 mm 
in thickness. All these spectra as well as those which follow, were 
obtained with the same time of exposure, namely ei^ht minutes. 

As far as can be determined from an examination of fourteen 
specimens of colorless quartz between i and 2 mm thick, some selected 
from right-handed and some from left-handed pieces, and some from 
specimens cut parallel and perpendicular to the optic axis, the direc- 
tion of rotation and of the axis makes no practical difference in the 
transparency of the material. 
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Fused quartz seems somewhat less transparent than the crystal- 
line substance. 

It appears, therefore, that in the region from X 2000 to X 1500 
quartz in thickness of about i mm may be used in place of fluoritc. 
Thick prisms or lenses, however, are useless in this region. 

Fluorite. — Though clear, colorless fluorite is rare and expensive, 
the colored varieties are common enough, and sometimes may be 
• obtained in clear masses of considerable size. Specimens cut from 
purple, green, pink, and yellow fluorites of various shades have 
accordingly been tested, which w'ere usually in the form of plates 
from I to 2 mm thick. They show considerable range of trans- 
parency. A typical spectrum taken through a purple fluorite is 
shown in No. 3. Of fifty-seven specimens, forty-two were less trans- 
parent than this purple sample, ten were nearly equal to quartz i mm 
thick, and five were almost as good as colorless fluorite from Zeiss. 
From this test it appeared that the depth of color was a good indi- 
cation of the absorption; the most deeply colored were the most 
opaque, while the five most transparent pieces were nearly, if not 
quite, colorless. There was one notable exception to this rule, how- 
ever: four specimens from a light-green crystal from Westmoreland, 
N. H., were nearly as transparent as the plates from Zeiss, No. i» 
No. 2 illustrates this fact. This crv^stal was free from flaws. There 
is some hope, therefore, that colored fluorite may yet be found 
which will serve for prisms and lenses, and which will possess the 
requisite transparency for use in the region between X 2000 and 
X 1250. 

It is well known that the color mav be removed from fluorite bv 
heating, and, if the process is carefully carried on, no cracks are 
cleveloy)ed. This loss of color, however, is accompanied by only the 
very slightest gain in transparency, if any. In ten cases out of twelve 
no ditTercnce could be noted at all either bv the visual or bv the 
photographic method. 

A microscopic examination with a power of two hundred diameters 
showed little dilTercnce in constitution between the transparent West- 
moreland fluorite and the more opaque colored varieties. In general, 
the specimens which showed the greater absorption seemed to con- 
tain the larger number of those fluid-filled cavities which have been 
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so often observed. The colorless variety of fluorite from Zeiss was 
quite free from these microscopic inclosures. 

The fluorescence excited by cathode rays was somewhat less bril- 
liant in the colorless than in the colored fluorite, but the differences 
were not of such a magnitude as to give an indication of the relative 
transparencies of the specimens. 

Topaz, — Next to the colored fluorites, topaz from Ceylon shows 
the greatest transparency of all the substances examined. The result 
obtained by the photographic method is shown in spectrum No. 8. 
The specimen was i . 5 mm thick; it is thus inferior to quartz. Topaz 
from Japan, Utah, and Siberia is much less transparent than that 
from Ceylon. It is possible, however, that this difference may be 
considered rather as a peculiarity of the individual specimen than as 
a distinctive property connected with a region. 

Gypsum. — This substance, when examined in bits i mm thick 
bounded by cleavage surfaces, shows a spectrum which extends to 
the region between X 1700 and X 1650. 

CelesUte, — This substance, when examined in polished pieces i to' 
2 mm thick, shows a transparency about equal to that of gypsum. 

Rock-salt. — The transparency is shown by No. 7, Plate I. The 
specimen was 2 mm thick, with well-polished faces. It is worthy of 
note that up to the present time some authorities have considered that 
rock-salt was as transparent as quartz to the extreme ultra-violet.' 
It is evident that in the region beyond X 2000 for thicknesses of 1 or 
2 mm this is far from true. 

Barile. — In polished pieces i to 2 mm thick the transparency is 
about equal to that of rock-salt. 

Alum. — Pieces cut from crystals and i mm thick show a spectrum 
ending near X 1750, but of rather stronger intensity than that 
obtained with rock-salt. 

Colemanite. — Transparent to the neighborhood of X 1750. 

Sugar. — Plates i mm thick cut from crystals of rock candy arc 
less transparent than colemanite. 

The test pieces of all the substances just mentioned were clear and 
free from flaws. The surfaces were carefully polished. 

In addition to the above, the following substances were tested and 

» Kayser, Handhuch der Spectroscopky Vol. 3, p. 386, 
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found perfectly opaque to light of shorter wave-lengths than 2000; 
borax, adularia, calcite, chrysoberyl, sanidin, arragonite, apophyl- 
lite, silver chloride (horn silver), Kunzite, and diamond. Several 
of these are known to be opaque to light of longer wave-lengths than 
2000. The tests were made in the hope of discovering some material 
which showed selective absorption to a marked degree. 

In the case of diamond we have an example of a crystaUine sub- 
stance which is transparent to the visible part of the spectrum and to 
X-rays, yet which is apparently opaque to light of very short wave- 
length. 

SUMMARY 

Fluorite still remains the only known substance transparent to 
X 1250 Angstrom units. While colorless fluorite is in general far 
more transparent than the tinted varieties, yet colored fluorite does 
exist of sufficient transparency to servT in apparatus intended for the 
exploration of the region between X 2000 and X 1250. 

Quartz in thicknesses of from'i to 2 mm is transparent to X 1500. 
This is a useful fact, as it indicates that quartz windows may be 
employed to replace fluorite in those cases where the electric or 
physiological action of the strong portion of the hydrogen spectrum 
lying near X 1600 is to be studied. 

Of all the substances examined none show absorption bands in 
the region between X 2000 and X 1250. The apparatus employed in 
this examination, however, does not permit the investigation of this 
point by methods of great delicacy. 

It is interesting to note that the fluorescent substance willemite 
responds to the action of light of extremely short wave-length. 

Jefferson Physical Laboratory 

Harvard University 

December 26, 1906 
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Minor Contributions and Notes 



GEORGES RAYET 

Science has suflFered a severe loss in the sudden decease, on June 
14, 1906, of M. Georges Rayet, founder, and for more than twenty- 
five years director, of the Observatory of Bordeaux.' 

Bom at Bordeaux on December 12, 1839, he became attached to the 
Observatory of Paris in 1862. Here he was more particularly occupied 
with the weather service, but he was also attracted by spectroscopy, 
then a new branch of research, and he undertook the spectroscopic 
study of numerous celestial objects. His published works during the 
following years deal with the spectrum of the Sun, prominences, and 
sun-spots; with the spectra of several comets, and with terrestrial 
magnetism and auroras. Some of his investigations were made in 
conjunction with M. C. Wolf, and together, in 1867, they discovered 
the three stars in Cygnus having bright lines in their spectra. The 
names of MM. Wolf and Rayet have been always associated with the 
spectra of this interesting type, the number of stars belonging to 
which has since been greatly enlarged. Present-day students of 
stellar spectra, dealing with photographs made with powerful instru- 
ments, are perhaps unable to fully appreciate the difficulties of the 
early visual spectroscopic observations of faint stars; such discoveries 
certainly deserve far more credit than those which may be made 
upon modem spectrograms. 

At the solar eclipse of August 18, 1868, M. Rayet gave his atten- 
tion to the spectra of the prominences, which were then objects of 
great interest and supposedly observable only at the time of an 
eclipse. He established the fact that the prominences contained 
other substances than hydrogen, and found the line D3, subsequently 
ascribed to helium. 

From 1874 to 1876 M. Rayet occupied the chair of physical 
astronomy of the faculty of sciences of Marseilles, and in 1876 became 
professor at Bordeaux in the same chair, which he was the first to 

'This note is based upon facts kindly communicated by M. Ernest Esclangon. 
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occupy; and the duties of which he discharged for thirty years until 
his death. 

The construction of an observatory at Bordeaux was decided upon 
in 1877, and M. Rayet was designated as director. The observatory 
began its activity in 1881, and for twenty-five years M. Rayet here 
worked steadily, making numerous observations on nebulae, double 
stars, and comets. He was a successful executive as well as scientist, 
and was devoted to the interests of the observatory to which he had 
given so many years of his life. 



A LIST OF EIGHT STARS WHOSE RADIAL VELOCITIES 

ARE VARIABLE 

The following stars have been found to be spectroscopic binaries. 
All of them, with the exception oi SU Cygni^ were discovered with 
the Mills spectrograph in the course of the regular observing pro- 
gram. Velocities expressed without decimals indicate either that 
the measures are preliminary and approximate, or that the type of 
spectrum does not permit accurate measurements to be made. 

1 Gcminorum (a=5h S^*^* 8= -1-23° 16') 



Plate 


Date 


Velocity 


Measured by 




2643 D 


1903, January 4 


-1- ^2 . km 


Curtis 








^^^^ 


7 


Burns 




4027 D 


1905, September 27 


+ 19 




Moore 




4471 E 


igo6, October i 


+ 13 




Moore 








+ 15 


7 


Newkirk 




4538 c 


1906, Xovcmber 9 


+ 20 




Moore 








+ 20 


5 


Newkirk 





This star is of type H. Its binary character was discovered by 
Mr. Moore. 

B. A. C. 5890=/). C. 7579 (a=i7h 211^3; «=-5°o') 



Plale 


Date 


Velocity 


Notes 


l.U.S B 


1899, July 18 


+ 7 


. ±km 


lines single 


173SC 


1900, May 20 


-27 


± 




3^51 B 


IQ05, June 21 


+ 69 

-^2 




strong component 
faint component 


4314 B 


1906, July 16 


+ 4 




lines single 


4324 B 


1906, July 22 


+ 29 
-31 




strong component 
faint component 


434S A 


U)o6, August I 


+ 30 
-25- 




strong component 
faint component 


4.S5.> '^ 


i()o6, August 6 


- 4- 




lines single 


4467 A 


i()o6, Si'ptcmlDcr 30 


+ 3- 




lines single 
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The star is an F type, with broad lines. Both spectra are visible. 
The ratio of their intensities is about two to one, although all lines 
do not behave alike in this respect. The variable velocity and 
doubling of spectrum were discovered by Mr. Bums, by whom all 
of the above measures were made. From his observations of the 
variation from coincidence of the two spectra it seems probable that 
the masses of the stars are not very different. 

9 SagiUae (a=i9h 42«P9; «= + i8° 17') 



Plate 


Date 


Velod 


ty Measured by 


1371B 


1899, August 7 


+ 10 


. km Campbell 






+ 8 


Stebbins 


1392 B 


1899, August 14 


+ 10 


Campbell 


1750 D 


i9cx>, May 24 


+ 9 


Wright 


2174 D 


1 901, June 1 8 


+ 5 


Campbell 






+ 2 


Wright 






+ 5 


Stebbins 


2293 A 


1 90 1, October 22 


+ 3 


3 Bums 


2407 E 


1902, June 8 


+ 6 


Stebbins 


2932 A 


1903, September 9 


+ 4 


Moore 


4282 £ 


1906, July 3 


- 5 


Burns 






- 3 


Moore 


rr^l 


. ^ . •%. r 


1 » 1 


/" 11 ■»«• ■»« 



The spectrum is of type M, and is classified by Miss Maury as 
XVII c. Its variable velocity was suspected by Mr. Campbell from 
the fourth plate and confirmed by the recent measures. 

0' Cygni (0=20^ iz?^; ^= + 47° 24') 



Plate 


Date Velocity 


3819 D 
3947 B 
4326 D 

43501^ 


1905, June 7 1 ~ 25 . km 

1905, August 13 1 -24. 

1906, July 22 1 + 2 . 
1906, August I ! +5 



Measured h\ 



M«jori' 
Moore 
Burns 
Hums 



The type of spectrum is H. Its binary charac ter was (liscovcrcd 
by Mr. Bums from the third plate. 





€ Cygni (a— 2oh 42'Pi ; 


Velocity 




PUte 


Date 


Mea.surcd l»v 


165 B 


1896, September 2.^ ' 


— I.V^> km 


Cani|)]u'll 


480 A 


1897, August 31 J 


- 14. 


Rums 


941 A 


1898, September 15 ^ 


- I I . S 


('aiii|)l)C'll 


2190 E 


1901, Ju y 3 1 


-12. 


Wri^hl 


2821 B 


1903, June 20 


- g. 


(;urii> 


4263 C 


1906, June 27 


~ 7 


Burns 






- c i 


Ncwkirk 


4375 B 


1906, August 24 


/ ■ 


Burns 
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This is a K-type star. The variation in velocity was suspected 
by Mr. Curtis and confirmed by Mr. Bums. 





^ Cygni (a= 21^ 81 


J7: a= + 29°49') 




Plate 


Date 


Velocity 


Measured by 


183 B 


1896, October 5 


+ 19.6 km 


Campbell 


764 A 


1898, June 8 


+ 21. 


Burns 


772 A 


1898, June 15 


+ 21. 


Campbell 


865 B 


1898, August 8 


+ 20. 


Campbell 


2398 D 


1902, June 2 


+ 15- 


Stebbins 


4277 f 


1906, July 2 


+ 14- 


Burns 






+ 13-9 


Newkirk. 


4364 D 


1906, August 13 


+ 14- 


Burns 



The type of spectrum is K. The variable radial velocity was 
shown by the measures of Mr. Stebbins and Mr. Bums. 

I Capn'corni (a^ 21^ i6l'7; 5 = — 17° 15') 



Plate 


Date 


Velocity 


Measured by 


1 788 D 


1900, June 26 


+ 12. km 


Wright 


i8()0 B 


iQoo, September 19 


+ 13- 


Wright 


2923 D 


1903, September 7 


+ 8. 


Moore 


4267 D 


T()o6, June 29 


-hi8. 


Burns 






+ 16. 


Moore 


43«S B 


1Q06, August 26 


+ 14- 


Burns 


4430 B 


190O, September 16 


+ Q. 


Moore 



This star is an H-type. The variable velocity was suspected by 
Mr. Moore and confirmed by the recent measures. 

SU Cygni (a= 19^ 4o"J8; 5= + 20'' 01') 

This variable, of the S CepJiei type, was found to be a spectro- 
scopic binary by Mr. J. D. Maddrill^ from observations of its radial 
velocity made during the past summer with the one-prism spectro- 

graj)h. Its spectrum is of type F-G. 

W. W. Campbell 



Mount Hamilton 
November 12, r()o6 



J. H. Moore 



A LIST OF SOUTHERN STARS HAVING VARIABLE 

RADIAL VELOCITIES 

From an examination of j)lates secured by the D. O. Mills Expe- 
dition to the Southern Hemisphere, the following stars have been 
found to have variable radial velocities: 

I Annouiucfl by Mr. MaddriJl in Puhl. A. S. P., 18, 252, IQ06. 
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^Reticuli (a= 


3»»42'P9; 8=-6s 


"70 


Date 


Velocity 


N^ative by* 


loo^, December 7 


+ 54.5 km 
+ 53-8 
+ 48.2 

+ 47-4 

+ 47-1' 
+ 48.1 


W. 


1 004, Tanuarv 4. 


W. 


December 18 

ioo<, November ^ 


P. 
W. 


November < 




December 28 


W. 









Measured by* 

R. H. C. 
P. 
W. 

w. 

A. 
\V. 



The spectrum of this star is of type K. 

m Velorum (a=()^ 47'?9; *= — 46° 5') 



Dale 



Velocity 



NeRative by 1 Measured by 



1905, January 10. . 
Januar}' 28. . 
March 13. . . 

April 3 

April 3 

December 6. 



— 3.6 km 


W. 


w. 




- 09 


W. 


p. 




+ 8.2 


P. 


p. 




+ 12.8 


w. 


w. 




+ 10.9' 




A. 




— 2.6 


\v. 


\V. 





* Independent measure of above plate. 

The type is G5K. 

K Ccw/awW (o=i3h43'P5; 5=— 4i°i2') 



Date 



Velocity 



Nf«;ili\v liy' Mi-;i.siirt'(.l by-" 



IQ04, April 20. . . 
1905, January 25 

March 18.. 

April 3 

April 13. . . 

April 27. . . 



— I . km 1 


1\ 


' 


+ 4. 1 


P. 




+ 28. 1 


P. 




+ 9- 


W. 




+ 3.S- 


P. 




— 1 . 


P. 





* The observers indicated in these columns are Messrs. Palmer, R. 11. Curtiss, 
Albrecht, and Wright. 

The type is B 2 A. 

Dr. Palmer assigns a period of about thirty-one days to this star. 

f2 Centauri (0=13^ 55'?4; 5— — 45° 7') 



Date 



Velocity 



.\eK';<tivf 1)\ ' Mf.-isurt'd h\ ' 



1904, April 6. . . . 
April 6. . . . 
May 16 

1905, March 15. . 
April 4. . . . 

1906, January 22 



-f 4.3' km 


P. 


w. 


+ 3. CI 


1 


p 


+ 5-4 


W. .V p. 


\v. 


-7.8 


w. 


w. 


-7.8 


\v. 


w. 


+ .VI 


w. 


w. 



» Footnote page i. 

^ P(K)r plate, undercxjx)sed. 
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The type is F 5 G. 

The variable velocities of yS Reticuli and v Centauri were detected 

by Dr. Palmer from preliminary measurements of the third plates. 

Mount Hamilton, 

November 14. 1906 ' W. H. WrIGHT 

THE VARIABLE RADIAL VELOCITY OF ANTARES 

Approximate measures of a number of the earlier Mount Hamil- 
ton spectrograms of this star placed its velocity at -6 km per second. 
The star was on the working list of the D. O. IMills Expedition, at 
Santiago, and rough measures of a spectrogram secured on March 
22, 1905, indicated a velocity of -i km. A number of other obser- 
vations were secured and an earlier plate was measured. The fol- 
lowing are the observations obtained by the Expedition: 



Da!< 



Vcloi.il V Measured i>v N'otcs 



IQ04, June 24 ~2 .3 km i Palmer l^nrlcrexposcfi 

1905, March 22 — i . Wright 



March 28. 
March 20, 



— o.Q W'riglit 

-f I . 2 I Wright 



These determinations dilTered by about 6 km from the Mount 
Hamilton observations referred to above, and alTorded a strong indi- 
cation of variable velocity. At the direction of Dr. Campbell, the 
star was re-ol^served at Mount Hamilton, and the old plates were 
defmitively measun-d. Mr. Burns's results, as given below, fully 
confirm the variabilitv: 

I 

D.ilc" \«.'I()rity j Me;isiirt<l by 

tS()7, April S — .^ •<) km Burns 

May ig — (> . 2 iiurns 

July S ! — 5 4 I Burn.s 

J Si jf). July I S ' — I - 4 Burns 

1002. M;iy 27 —46 Burns 

T(;c5, May 14 -f 2 .0 Burns 

May 2?, ! 4-0.4 , Burns 

Tr)o6, July jS —2.4 j Wright 

I 

Aliss Maury finds indications of a secondary or faint superim- 
]X)sed sj)ectrum in the case of Anlarrs, but this is referred to as being 
probably due to the lelesc()|)ic companion.' 

Mount Hamilton W. H. WriGITT 

Scptrmbrr 10, i(;o6 

' Aiiinils II, ('. ()., 28 J 00, Remark i^s- 
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THE RADIAL VELOCITY OF POLARIS 

The following radial velocities of Polaris were secured from Mills 
spectrograms : 



Gr. M. T. 1906 


Velocity 


Measured by 


Tulv S^ 22^ 4.^™ 


— 14.2 km 

-139 
-14.4 
-17.8 
-18.9 

-17-3 

— 16.2 

-20.8 


Campbell 
Campbell 
Campbell 
Campbell 
Campbell 
Campbell 
Campbell 
Campbell 


Q 00 21 


V ^■'^ ^0 

16 IX 


y *" o«j 

10 00 01 


10 17 2K 


**' */ D 

II 17 0^ 


* *■ * / ^D 

12 00 II 


10 00 10 


■*y '■^^ *v 



According to these results the velocity-curve for the four-day 
binary system attained a minimum value of -19. 8± km, deter- 
mined graphically, at the epoch 1906.5. The minimum at 1904.5 
was -18. 5± km.' At 1896.9 it was -20.7 km. 

W. W. Campbell 

November 23, 1906 

NINE STARS HAVING VARIABLE RADIAL VELOCITIES 

I. VARIABLE STARS 

RZ Cassiopeiae = 77 1 906 =B D. 6g°i'jg 
(o = 2^ 40"^; * = -h 69° 13'; Mag. =6.5 to 8 . o) 

The spectrographic observation of this Algol variable was begun 
by Mr. Parkhurst on August 26, 1906, in connection with its photo- 
metric investigation by photography. The plate showed that the 
spectrum was w^ell measurable, so that the star was placed on the 
programme for future observation. Mr. Parkhurst's second plate, 
on September 2, was taken at nearly the same phase of the star's 
variation (about three hours before minimum) and shows very little 
change in radial velocity. The radial velocity on these plates is 
roughly - 9 km. The third plate, however, secured by Frost and 
Barrett on September 24 closely at the ])redicted time of greatest 
velocity of approach, 7 hours after minimum, yields a radial velocity 
of —114 km, according to my provisional measures. The fourth 
spectrogram, taken by Mr. Fox on November 4, eleven hours before 
minimum, gives a value of approximately —5 km. Unfavorable 

* Lick Observatory Bulletin, 3, 86, 1905; A stropjiysical Journal, 21, i()i, 1905. 
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weather has so far defeated our attempts to secure a plate at the 
phase of maximum positive velocity. 

After this star had been included in the first draft of this note, 
Aslronomische Nachrichten No. 4135 arrived, in which Professor 
Hartmann reports his recent observations of the star. Our value 
for maximum approaching velocity is in good agreement with the 
data of his preliminary note. 

The star has the Orion type of spectrum, as is commonly found 
in the case of Algol stars, with the helium lines faint. The hydrogen 
lines are much sharper than usual, and numerous enhanced lines of 
the metals may be seen, particularly of Ti and Fe. 

X Cygni (0 = 20^ 39"^; 5= +35° 14'; Mag.=6.4 to 7.5) 

In 1905 one one-prism plate of this short-period variable star (type 
of 8 Cephei) was secured by Mr. Barrett, and in 1906 three by Mr. 
Parkhurst and one by the writer. I have made approximate measure- 
ments of the last four plates and find a range of over 50 km in the 
radial velocity. The spectrum is of an advanced F type, suitable 
for fairly accurate measurement, but the spectrocomparator would 
probably prove particularly advantageous for it. The period of the 
star's variation of light is given as 16'* 9^ — from minimum to maxi- 
mum 6'^ 5^, from maximum to minimum lo"^ 4^. A considerable 
number of plates will therefore be necessary to cover the different 
phases. The largest positive velocity on these four plates was shown 
two days after minimum, with a small negative velocity two days 
after maximum. The velocity is also small half-way between maxi- 
mum and minimum. Such results are to be expected from analogy 
with the spcctrographic observations of 8 Cephei and other stars of 
this cl'.iss. 

II. VISUAL BINARIES 

13 07/ fa =0^ 30'"; 5 = — 4° 9'; Mag. =5 3) 

Spectrograms of this star have been secured by Mr. Barrett or 
myself in the course of our regular programme of observations of 
visual ])inan\'s, for the ultimate determination of their parallaxes. 
The spc'ctruni is an excellent example of the F type and can be accu- 
rately measured. Thus far I have had time to make only approxi- 
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mate measurements, depending chiefly upon the iron lines X 4384, 
4405, and 4415. The first plate, taken September 29, 1905, is rather 
too faint for measurement, as was the second, on August 20, 1906. 
The third, of date October i, showed about the same velocity, but 
the fourth spectrogram, taken November 9, indicated to the eye a 
large change of velocity, which was measured to be over 30 km. 
Four additional plates have since been secured, Mr. Fox assisting 
in the exposure of the last three. The dates are November 23, 24 
(two-prism plates), and December i and 3. A total range of over 
50 km is indicated, and the last four plates make it appear probable 
that the period is about two days. The exposure time is kept as 
short as possible, to avoid the effect of the second star of the visual 
pair, which is about one magnitude fainter. The short period of 
revolution of the visual pair, probably less than twenty-five years, 
makes this an interesting system, and I hope that we can secure 
enough data during the present opposition for the definitive deter- 
mination of the spectrographic orbit. 

(o Leonis {a=g^ 2^^; ^=+9° 30'; MaEj.=5.6) 

This star is also on our regular programme of visual binaries, 
and two plates were taken in 1905, on February 3 and March 3. 
Approximate measures showed that the velocity changed by over 
20 km. The third plate, on March 30, 1906, increased the range by 
about 5 km. The iron lines above mentioned arc very sharp, and they 
were used for the provisional measurement. Nothing can be said at 
present as to the period of variation. 

An apparent variation in the distinctness of other h'ncs of the 
spectrum (early solar type) may be due to the etTect of the light of 
the second star of the visual pair, which is called by double-star 
obser\'ers about one magnitude fainter than the ])rinci[)al star. The 
period of the visual pair seems to be somewhat oxer a hundred \'cars, 
from the best recent observations. 

85 Pcgasi {ci. = 2^ Sf^] 5=4-26° ,:^4'; Ma,i;.-5.8) 
I have been suspicious for the past year as to the constancy of 
the radial velocity of this star. The spectrum is of the solar type, 
and the accuracy of the measurements would be proportional to the 
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dispersion used; of the eleven plates we have so far secured, nine 
were taken with one prism and two with two prisms. An exposure 
of from two to three hours is required with our apparatus for a strong 
one-prism spectrogram. Four hours of exposure are needed with 
two prisms. The use of three prisms is therefore precluded for our 
instrument. 

The construction of the Bruce spectrograph is so rigid that I am 
not much concerned as to internal flexures. I have been unable to 
detect any effect of displacement on trial exposures of the compari- 
son spectrum made first with the telescope on the meridian, and 
second with the telescope pointing at an hour angle of six hours. 
But it is certain that with very long exposures the illumination 
of the collimator lens by the star's light must be progressively 
changing, due to flexure of the tube of the refractor; since prisms 
andlenscs are not perfectly homogeneous, this must have an unfavor- 
able eflfect. I should therefore hesitate to determine radial velocities 
from spectrograms requiring much over four hours of exposure. Where 
the star's declination permitted, the telescope would in such cases be 
run under the pier for the latter half of the exposure, so that the hour 
angle would be divided as nearly equally as possible on the east and 
west sides of the meridian. But I should never regard it as safe to 
reverse the telescope and conclude the exposure on the other side of 
the pier. 

On account of the small dispersion and rather long exposures, I 
tlicrcforc give the results of the observations of 8j Pegasi with some 
reserve; and most of the measures are to be regarded as provisional. 
When our spectrocomparator arrives, I expect to go over all the 
phites, as that instrument doubtless will be of great assistance in 
measuring such spectra. 

The com})aratively small range of the variation is no argument 
ai^ainst its reality, however, and it is diflicult for me to believe that 
errors of observation can account for the range of lo km shown, for 
instance, by the excellent plates of October 31 and December i, 
when the conditions of the s])ectrograph were very similar. The 
results so far obtained are as follows: 
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PUte 


Date 


G. M. T. 


Taken by 


No. 
Lines 


Velocity 


Remarks 


IB 580 


1905 Aug. 28 


21I1 2^ 


B. 


• • 




Comp. lines too 
faint 


604 


Oct. 2 


16 41 


F. 


5 


— 42 km 


fair plate 
good 


612 


Nov. 10 


14 8 


F. 


13 


31 


IIB 21 


Nov. 20 


16 41 


F. &B. 


14 


—35 


fair 


IB 823 


1906 Aug. 13 


19 45 


B. 


4 


-34 


good 


830 


Aug. 20 


18 20 


F. &B. 


4 


(-28) 


weak 


861 


Sept. 21 


20 35 


F. 


5 


-39 


good 


891 


Oct. 31 


14 37 


F. 


6 


-33 


good 


913 


Nov. 9 


IS 57 


B. 


4 


(-30) 


too weak; ex- 
posure 56 m 


IIB 88 


Nov. 23 


17 7 


F. &B. 


14 


-38 


fair 


IB 920 


Dec. I 


15 38 


Fox 


5 


-43 


good 



Like I J Cetiy this visual binary system is of particular interest on 
account of the shortness of its period, which cannot much exceed 
twenty-five years. In this connection it should be noted that Camp- 
bell found K Pegasi and e Hydrae, two visual binaries having the 
shortest periods after S Equulei, to be spectroscopic binaries. 

III. STARS OF ORION TYPE 
iqtS Eridani {a = ;^^ 2g"^; 5 = — 2i°58'; Mag.=4.2) 

This spectrum is characterized by exceedingly broad and vague 
lines, which by their recurrent duplicity prove the star to be a spec- 
troscopic binary with components of about equal brightness. It will 
not be possible to measure the radial velocity accurately. The Mg 
line at X 4481 is the best in this part of the spectrum. The plates 
so far obtained are as follows : 



Plate 


Date 


G. M. T. 


Taken by 


Remarks 


IB 638 


1905 Dec. 15 


I4h 45 m 


F. 


X44S1 single, also Ily and ///3 


884 


1906 Oct. 19 


18 12 


F. & B. 


X4481, //7&///3 double 


902 


Nov. I 


17 55 


P. 


X 44<S I double; Ily faintly so; 
Jffi not visibly separated 


922 


Dec. 14 


16 30 


Fox 


X 44S1 double, broader comp. dis- 
]>la(ed toward red 


930 


Dec. 17 


16 19 


F. 


X44S1 double, broader compo- 
nent displaee<i toward violet 



Rough measurements of plate 884 give an almost equal displace- 
ment of the two components of X4481, corresponding to velocities 
of about —95 km and +110 km (after applying a correction of 



i 
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+ 7 km for the Earth's velocity). The broader component was the 
one displaced toward violet. 

Similar measures of No. 922, a weak plate, give values of about 

—60 and +140 km. On Plate 930 the positions of the components 
are reversed, whence we may infer that the period is short. 

33 T» Eridani {a = ;^^ 4g^', 3 = -24^55'; Mag.=4.7) 

Five spectrograms have been obtained of this star, of our regular 
Orion-type programme. The spectrum is an example of the better 
measurable variety of the type, with the helium lines fairly sharp 
and X 4481 especially so. Rough measures show a range of over 
25 km in the radial velocity. On two of the plates the helium line 
at X4472 gives evidence of duplicity. Nothing can yet be inferred 
as to the period from our plates, of which the dates are 1905, Decem- 
ber 15, 25; 1906, January 26, October 19, November i. 

20 T Ononis ^oi = S^ 13"^ ^ = —6^57'; Mag. =3.6) 

This spectrum has quite good lines; Hy is narrower than usual 
for the type; X 4481 is also good, and the helium lines are fairly 
sharp. The first two plates were measured by both Mr. Adams and 
myself, and the values given are the means of our determinations. 
The rest of the plates have been measured by Mr. Naozo Ichinohe, 
Fellow in Astronomy. The data arc not yet adequate for finding 
the period. 



Plate 


Date 




G. ] 


M. T, 


, Velocity 


IB 206 


igo3 Dec. 


I 


17'^ 


511,1 


+ 6km 


262 


1904 Jan. 


23 


15 


5^> 


+ 12 


474 


Nov. 


I 


22 


/ 


+ 27 


62S 


IQ05 Due. 


II 


16 


5S 


+ 34 


8S0 


j()o6 Oct. 


12 


21 


24 


-f- 22 


SSf) 


Oct. 


i() 


20 


16 


+ 27 


8g6 


Oct. 


31 


2T 


32 


+ 19 


()05 


Xi)v. 


I 


20 


40 


+ 27 


t;io 


Nov 


4 


23 


00 


+ 16 


014 


Nov. 


9 


20 


44 


+ 18 



4 ^' Canis Majoris (a = 6^ 28"^; 5= —21,^ 21'; Mai^. =4.2) 

The lines in the sj^cctruni of this star arc excellent, and it was 
acconh'ngl)' selected for early measurement from the large number 
of unmeasured sj)ectrogranis in our cabinet. The first plate was 
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first measured by Miss F. A. Graves, formerly computer at this 
obser\^ator>'. Her result was + 36 km. The measures below are by 
Mr. Ichinohe. 



Plate 



IB 508 

523 
632 

923 



Date 



G. M. T. 



1905 Feb. 6 
Mar. 3 
Dec. II 

1906 Dec. 14 



i6h 2o"i 

14 43 

20 10 

17 31 



Velocity 



+ 37 km 

+ 32 
+ 22 

+ 23 



With the exceptions noted, the spectrograms referred to in this 
communication were made with the one-prism arrangement of the 
Bruce spectrograph. The lower dispersion is better suited for most 
stars of the Orion type, and was necessary for securing the spectra 
of the faint stars of the solar type without unduly prolonged exposure. 

As usual, Mr. Sullivan has rendered valuable assistance in guiding. 

Edwin B. Frost 

Yerkes Observatory 
December 20, 1906 



NOTE ON THE INTERPRETATION OF THE SPECTRA 
OF THE COMPONENTS OF DOUBLE STARS SHOW- 
ING CONTRASTED COLORS 

In 1897 we sent a short note to the Astrophysical Journal^ on the 
spectra of the strongly contrasted colored components of some double 
stars, which the newer form of my reflecting slit had made it possible 
for us to photograph separately. 

Assuming these double stars to have originated by tidal evolution 
from one original mass, the pairs of stars at their l^irth would have 
been in the same evolutionary stage, and com})oscd of the same sub- 
stances, though not necessarily in the same relative proj)ortions. The 
spectra of such pairs of stars should then indicate the evolutional 
stages which the components had severally reached; the successive 
stages coming in, it may be presumed, at an earlier time in the rase 
of the component which has the smaller mass. We were met at 
once, as we then pointed out, by the apparent anomaly that it is 
the brighter, and as was then assumed the more massive star, which 

I 6, 322, 1897. 



66 MINOR CONTRIBUTIONS AND NOTES 

shows a more advanced phase of development, while the relatively 
faint companion remains still in the earUer white-star stage. 

We ventured to say that there is no certain ground for assuming 
that the brighter star is actually the more massive one. I had already 
in 1891' pointed out that "the brightness of a star depends upon 
several conditions and must be largely affected by the nature and 
the condition of the substances by which the light is chiefly emitted, 
as well as by the absorbent atmosphere through which it has to pass." 

We suggested, therefore, that the smaller star, usually bluish in 
color, though so much less brilliant, might have the greater mass, 
and for this reason be still at an earlier evolutionary stage. 

This view of the relative masses of the components of double 
stars was further supported by the spectra of other double stars 
reproduced in our Atlas of Representative Stellar Spectra (Plates XI 
and XII), 1901. 

Quite recently our contentions have received remarkable confirma- 
tion from the work, on wholly independent lines, of Mr. T. Lewis 
on the relative masses of the components of eighteen binar}' stars.' 

Mr. Lewis* results are summed up as follows : " They [the relative 
masses] establish the curious persistency of an opposite disparity, 
among the members of unequal pairs, between light and mass. The 
apparent satellite is in fact the primary of the system.'*^ 

Upper Tulse Hill SiR WiLLIAM AND LaDY HuGGINS 

December 15, 1906 

PRELIMINARY NOTE ON THE SPECTRUM OF o CETI 

(MIR A) 

The si)cctrum of this well-known long-period variable has been 
photographed on four evenings during its present bright maximum. 
The dates of the plates are as follows: 



1Q06 



Spcclrograph 



N'». I Dec. 13 I Three-prism 

No. 2 Dec. 18 I Single-]>rism 

No. 3 Dec. 21 Single-prism 

No. 4 Dec. 24 Single-prism 



RcRion Included 



X 4 ^00 to X 5000 
lis to Ha 
in to Ila 
lid to Ha 



1 .Address Brit. .Assoc. i8()i, pp. 16, 17. 

2 "Measures of Double Stars," Mem. R. Astron. Soc, 56, xxi, 1906. 

3 Ibid., p. XX. 
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I am indebted to Mr. E. C. Slipher, Fellow at this Observatory, for 
exposing the last plate. 

Vanadium, iron, and sodium were used for the comparison spec- 
trum. 

No, I. Only two hydrogen lines, Hfi and Hy, are comprised in the 
region covered by this plate. These lines are both strong and bright. 

No. 2. The spectrum on this plate extends from below C to and 
including Hi. The continuous spectrum is, however, somewhat weak 
from X 6250 to 5000 and from X 4300 toward the violet. The plate 
shows the following bright lines : Ha^ H0, Hy, and Hh, Although 
Ha (C) is far from weak it is not nearly so strong as the other hydrogen 
lines, which appear to increase in strength in the order given. 

No. J. This plate contains a splendid impression of the continuous 
(absorption) spectrum from X 4200 to X 6200. It shows a great many 
absorption bands which are sharp and intense on the more refrangible 
edge and gradually fade out toward the red. Of the hydrogen lines, 
H/3, Hy, and HS are strong and bright, and, although the plate is 
weak beyond X 6200, there is a faint impression of bright Ha. 

No. 4. The continuous spectrum, although somewhat lacking in 
density, extends from X 4300 to below Ha. The hydrogen lines 
Huj H0y Hy, and HB are all bright. Ha is very sharp, and has bor- 
dering it on the violet a strong and rather broad absorption line. 
This absorption line is also well shown on plate 2. 

A word of caution may not be out of place here regarding the 
remarks on the continuous spectrum of the different plates; for. as 
a different kind of photographic plate was used in each case, no con- 
clusions are to be drawn as to changes in the continuous spectrum 
during the period of these obser\'ations. 

This is the first time, to my knowledge at least, that bright Ha has 
been observed either visually or photographically in Mira or any of 
the long-period variables of its class. However, I believe that this is 
not to be interpreted as an unusual behavior of Ha. It is probable 
that its faintness relative to the other hydrogen lines has made it 
difficult to obser\x visually. 

Vanadium absorption lines are very strong in Mira as compared 
with other metallic lines. 

Lowell Observatory, Fiacstaff, Ariz. V. M. Slipiier 

December 29, 1906 
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A VERTICAL COELOSTAT TELESCOPE^ 

One of the most difficult problems of the Solar Observ^atory is 
that of designing a telescope to meet the rigorous requirements of 
solar research. The distortion of mirrors, and the local disturbances 
of the atmosphere, caused by the Sun's heat, are obstacles more 
serious than any encountered in the case of night observations. 
The peculiar advantage of the equatorial refractor — viz., that the 
object glass is not seriously distorted, nor the focus greatly changed, 
by exposure to sunlight — is offset by the necessity of attaching all 
spectroscopes and other accessory apparatus to a movable telescope 
tube. This defect of the equatorial has greatly retarded the progress 
of solar research, by delaying the application of long-focus grating 
spectrographs to the study of the solar image. 

Many important investigations require the provision of a telescope 
giving a sharply defined solar image, of large diameter, at a fixed 
position within a laboratory. The focal length of such a telescope 
must not change rapidly when the instrument is exposed to the Sun. 
The image must not rotate, and the laborator}^ conditions must 
permit the successful use of the largest and most powerful spectro- 
graphs and spectroheliographs. 

The Snow telescope meets most of these requirements in a very 
satisfactory manner. Under suitable atmospheric conditions the 
large solar image given by it is so sharply defined as to resemble a 
steel engraving. The five-foot spectrohehograph has permitted 
excellent photographs of this image to be obtained with the lines of 
calcium, hydrogen, iron, and other substances. A Littrow spectro- 
graph of eighteen feet focal length has provided the means of photo- 
graphing the spectra of sun-spots, and the results have proved very 
useful in the study of the strengthened and weakened lines. The one 
difficulty with the Snow telescope is the distortion of the image and 
the change of focus when the mirrors are exposed for some time to 
the Sun. This is not serious in our present work, since short expos- 
ures suftice in photographic observations with the five-foot spectro- 
hcliograph and the Littrow spectrogra])h. But if long exposures 
were needed, as in the case of a thirty-foot spectroheliograph, the 

I Contributions jrom the Solar Observatory, Xc\ 14. 
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change of focus during the exposure would be a serious obstacle. 
Various ways of overcoming this difficulty have suggested themselves, 
and one of these will shortly be tried. But since the Snow telescope 
is fully occupied with its present work, for which it has proved to be 
well adapted, it has become necessary to devote special attention to 
the design of a second coelostat telescope. The daily program of 
observations keeps the Snow telescope so constantly in use that all 
new work, such as the application of the thirty-foot spectroheliograph, 
and the study of sun-spot spectra with the remarkable eight-inch 
grating, recently made and offered for our use by Professor Michelson, 
must be deferred until the new telescope is completed. 

A careful study of the requirements of solar research on Mount 
Wilson has led me to the following conclusions : 

1. A coelostat should be employed, in preference to any form of 
heliostat or siderostat, since it causes no rotation of the solar image. 

2. The coelostat should be mounted at a considerable height above 
the ground, to reduce the efifect of the hot air rising from the Earth.' 

3. The ground about the instrument should be shaded, for the 
same reason. 

4. The telescope should be best adapted for early morning and 
late afternoon observations, the former being the more important, 
because of the better definition. 

5. All the mirrors employed should be completely filled with 
sunlight, to ob\date irregular distortion. 

6. The mirrors should be extremely thick, to reduce the degree 
of bending caused by heating. 

7. The backs of the mirrors should be silvered, and exposed to 
sunlight, to compensate bending. 

8. The beam of light, after reflection from the second mirror, 
should be vertical, to reduce the danger of disturbances across the 
wave-front.' 

9. The image should be formed by an ol)ject glass instead of a 

» See report of observations made from a tree, etc., in ''A Study r)f the Condi- 
lions for Solar Research at Mount Wilson, California," Cofitrihutious jrom the Soldr 
Observatory, No. i, pp. 23, 25, 26. 

2 The advantages of a vertical beam have been pointed out by Pluninirr in Mo)ithly 
Notices, 65> 500, 1905. They have also been mentioned by Frost in a personal ktter 
to me. 
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concave mirror, in order to bring the focal plane near the ground, to 
reduce variations of focal length, to shorten the path between coelostat 
and image, and to facilitate the use of a large spectroheliograph. 

10. The walls below the coelostat should be constructed so as to 
heat as little as possible, when exposed to the Sun. Other devices 
may also be employed to decrease the evil efifects of rising currents of 
heated air. 

11. The spectroscopic laboratory should be below ground, to 
insure constancy of temperature and great stability of the instruments. 

The vertical coelostat telescope shown in outline in the figure, is 
the outcome of experience with the Snow telescope, and is intended 
to satisfy the conditions named above. 

Two entirely independent galvanized steel towers (about 60 feet 
high) are required: one (in lieu of a pier) for the support of the 
coelostat, the other to shield the inner tower from the wind.' The 
outer tower is to be covered with canvas louvres (not shown in the 
sketch) similar to those used on the Snow telescope house.' To 
prevent vibrations of the outer tower from being transmitted through 
the ground to the inner tower, the concrete base of one tower will 
stand on the surface of the ground, while the foundation of the other 
will extend below the surface. Guy ropes will also be used where 
necessary. Indeed, the calm which prevails on Mount Wilson during 
the best observing hours of the dry season has made it seem advisa- 
ble to try the experiment of using the inner tower alone at first, 
depending for stability on a large number of steel guy ropes. The 
inner tower will be used as a skeleton, without covering, so as to 
ex[X)se but little area. If it does not prove to be steady enough, 
the other tower, with louvres, will be erected later. 

The second mirror stands near the middle of the tower. It is to be 
elliptical in form, with major axis of 22J inches (56.5 cm) and minor 
axis of 12 J inches (32.4 cm). Both this mirror, and the coelostat 
mirror (17 inches = 43.2 cm in diameter), will be 12 inches (30.5 cm 

^ President Woodward assures me, after his experience in observing from the 
summit of lofty wooden towers, similarly shielded, in the work of the Coast Survey, 
that no trou))le from vibration need be feared. 

' Contrihutious from the Solar Observatory, No. 4; Astro physical Journal^ 23, 
6, 1906. 
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Fig. I. — \'tTtical Cot-loslal TcKscopr 
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thick). Experiments made by Professor Ritchey have shown that when 
a silvered mirror is heated by radiation, the front (warmer) surface 
becomes convex and the rear surface concave. By placing an elec- 
trically heated disk near the rear surface the form can be quickly 
restored, though the figure, when thus corrected, is not perfect. This 
experiment, and others involving a test of the curvature of the surfaces, 
show that the effect of exposing the mirror to sunlight is to produce 
an actual bending of the mirror. The simple expedient of greatly 
thickening the disk, so as to increase the resistance to bending, natur- 
ally suggested itself to me. 

The second mirror is given an elliptical form, so that it may be 
completely filled with sunlight without undue increase in the size of 
the coelostat mirror. Its position in this design is such that the 
polished and silvered back can easily be exposed to the Sun. The 
angle of incidence is not ordinarily the same as that at the front 
surface, but the difference is partially offset by the fact that the heat- 
ing effect of the beam on the face is reduced through the loss incurred 
by reflection from the coelostat mirror. It is hoped that the great 
thickness of the mirrors will render more accurate compensation 
unnecessary 

The coelostat stands on rails, which permit it to be moved north 
and south. For northern declinations of the Sun it stands north of 
the second mirror, for southern declinations south, and when the 
Sun is at the equinox the coelostat is due east or west. The arrange- 
ment shown in the figure is that employed with the low morning Sun, 
for wliich the telescope will most frequently be used. For the low 
afternoon Sun the coelostat is transferred, by means of its carriage 
(which moves easily across east-and-wcst rails connecting the north- 
and-south rails at one end) to the rails east of the second mirror. The 
second mirror is then rotated i8o°, and the beam sent vertically down- 
ward as before. The back of the coelostat mirror will be heated, 
if necessary, by sunlight rellected from a large mirror, of ordinary 
thin ])late glass, mounted just behind it. The rails are accurately 
planed and defined in position, so that the polar axis of the coelostat 
will always remain in adjustment. 

The coelostat will resemble the one used on the Snow telescope. 
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except for the much greater thickness of the mirror and some improve- 
ments in the driving mechanism. 

The beam will be reflected vertically downward from the second 
mirror to a 12-inch (30.5 cm) object-glass, by Brashear, mounted 
immediately below it. The use of an object-glass, instead of a con- 
cave mirror (as in the Snow telescope), is somewhat objectionable, 
because of its imperfect achromatism. But in practice this is not 
a serious matter, and the other advantages greatly outweigh this 
single disadvantage. In the first place, the path of the beam between 
the second mirror and image, for the same focal length of 60 feet, 
(18.29 ^) IS less than half as great as in the Snow telescope, thus reduc- 
ing the disturbance of the image. Again, the image is formed at a 
point near the ground, rather than at the top of the tower, where large 
spectroscopes could not be used to advantage. Finally, the object- 
glass can be mounted in a carriage, moving on steel balls along rails, 
thus providing a simple means of producing the motion of the solar 
image across the colUmator slit of the 30- foot (9.14 m) spcctrohclio- 
graph. 

An electric motor, of variable speed, mounted on a pier at the 
ground level, will drive the photographic plate across the camera 
slits, and at the same time give synchronous motion to the 12-inch 
object-glass by means of a vertical shaft passing up through the tower. 
There will be three collimator slits, so that three j)hotograp]is of the 
same part of the Sun may be taken simultaneously with the aid of 
different lines. The high dispersion of the si)cctrohcliograph should 
permit some of the narrower dark lines to be used. The collimator 
and camera lenses (by Brashear) have an aperture of 8 inches 
(20.3 cm) and a focal length of 30 feet (9.14 m). 

The prisms were ordered early in 1905/ but ha\'c not yet been 
completed, owing to the difficulty of making suitable glass of the 
necessar}' size. For this reason fluid prisms, provided with si)ccial 
means of stirring the liquid contents and of maintaining it at a con- 
stant temperature, may be adopted. Slight variations in the ])osition 
of a spectral Une, due to residual fluctuations of temperature, may be 
compensated by rotating the mirror in the optical train of the spectro- 

» It was originally intended to use this .sjuh trohcliogru])!! wiili the Siidw tcI('S( ujx'. 
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heliograph. For guiding purposes, a line near the one in use would 
be held in a fixed position, just as in the analogous case of stellar 
photography. 

A small change in the inclination of the mirror at the summit 
of the tower will cause the solar image to fall on the slit of the Littrow 
spectrograph, shown at the left of the spectroheliograph. Through 
the great kindness of Professor Michelson, which I wish especially 
to acknowledge, this spectrograph will contain an 8-inch (20.3 cm) 
plane grating, having 500 lines to the millimeter. The aperture 
and focal length of the objective which serves for both coUimator and 
camera will be 6 inches (15.2 cm) and 30 feet (9.14 m) respectively. 
The photographic plate will be placed near the slit, as in the 
case of the Littrow spectrograph used with the Snow telescope. This 
spectrograph is intended especially for the study of the solar rotation 
and the photography of the spectra of sun-spots. 

George E. Hale 

October 1906 
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SECOND PAPER ON THE CAUSE OF THE CHARACTER- 
ISTIC PHENOMENA OF SUN-SPOT SPECTRA^ 

By GEORGE E. HALE and WALTER S. ADAMS 

In a previous study' of more than two hundred lines photographed 
in the spectra of sun-spots it was shown that the lines which are 
strengthened in spots are, in general, strengthened in the laboratory 
when the vapor producing them is reduced in temj)erature. The 
same condition decreases the relative intensity of lines that are 
weakened in spots. In a note added to the paper it was staled that 
at least one of the flutings of titanium appears in our i)hotographs 
of spot spectra. In the present paper we bring forward additional 
evidence favoring the view that most of the characteristic j)henomena 
of sun-spot spectra are due to a reduction in temperature of the s])ot 
vapors below that of the reversing layer. 

In an important paper^ Fowler, though ap])arently inclined to 
retain his former view of a general intensification of the h'nes of cer- 
tain elements in spots, gives some results with which ours are in 
good agreement. He points out that certain lines of iron, titanium, 
vanadium, and scandium, which are strong in arc or flame, are 

' CofUribiUions jrom the Solar Observatory, No. 15. 

* George E. Hale, Walter S. Adams, and Ht-nry Ci. (ialc. " I'rcliniiiiary I'ajxr an 
the Cause of the Characteristic Phenomena of Siin-S])ot Sjjcctr.i," i'oiitrihulious jrom 
the Solar Observatory, No. 11, Astro physicaJ JoumaL 24, 1X5-21^ i()o(). 

3 Trans. International Union jor Co-opcrati(tn in Solar Rr^airrh, i, [). 201. 
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strengthened in spots. He also shows that many enhanced lines are 
weakened in spots. Fowler's general conclusion is as follows: 

The general result of the preliminary discussion is to suggest that, while the 
enhanced lines of some elements are usually reduced in intensity in the spot 
spectrum, the arc lines are intensified in accordance with their intensities in the 
arc-flame, thus suggesting that the additional absorption is produced by rela- 
tively cool vapors. This result was, in fact, long ago arrived at by Sir Norman 
Lockyer, who stated that "many of the lines seen in spots are lines seen at low 
temjxjratures (some of them in the oxyhydrogen flame), and none of them are 
those brightened or intensified when we pass from the temperature of the electric 
arc to that of the electric spark." Such a reduction of temperature also accords 
well with the presence of spot bands, as already remarked by Cortie and 
others. 

Fowler's views are thus in perfect harmony with our own, except 
as regards the cause of the weakening of the "enhanced" lines. On 
this point he writes as follows: 

It is probable that the vapors producing the enhanced lines are chiefly restricted 
to the higher chromospheric levels, but it is not yet clear whether the reduced 
intensities in spots is due to the withdrawal of these vaj^ors from over the six)t, 
or to the absence of a sufficiently luminous background to strongly exhibit their 
absorption (p. 220). 

It has seemed to us that, if the strengthening of the flame lines 
may be accounted for by the reduced temperature of the umbral 
vapors, the weakening of the spark lines may equally well be attrib- 
uted to the same cause. This subject, however, is still under 
investigation. 

It is evident, from Fowler's failure to identify the titanium flutings 
in spot spectra, that photography may be considered to offer special 
advantages for the study of the fainter lines and bands. 

In view of Lockver's earlv observations, it is odd that he did not 
adopt the hypothesis that spots arc regions of reduced temperature. 
He has long held, on the contrary, that at times of sun-spot maximum 
(when our spectra were photographed) the spot temperature is so 
high as to dissociate many of the elements represented in the solar 
spectrum. If, as a pa])er published before the appearance of our 
Mount Wilson results indicates, he now believes that sun-spots and 
red-type stars are cooler than the reversing layer, he may have aban- 
doned or modified his views regarding dissociation in spots. 



< 




C4 



o 



o 



O 



Si 



I 

v. 



'A 



A 



M 



SUN-SPOT SPECTRA 77 

TITANIUM FLUTINGS IN SPOT SPECTRA 

In our study of the spot spectra the titanium fluting of shortest 
wave-length which we have as yet been able to identify with certainty 
is that beginning at X 5598.0. There seems to be some evidence for 
the presence of two more refrangible flutings at X 5166 and X 5449, 
but it is by no rtieans conclusive. It would, in fact, be somewhat 
remarkable if these were present upon our plates, since they are 
much fainter in the titanium flame spectrum than the fluting at 
X 5598, which is very faint and difiicult in spots.* 

As we go toward longer wave-lengths, the successive flutings 
become stronger in the spot spectrum, until in the deep red they 
form its most characteristic feature. The fluting at X 7055 is espe- 
cially noticeable, as it occurs in a region of the spectrum in which 
there are but few strong lines to interrupt its continuity. A com- 
parison of this fluting in the spot and in the flame of the electric arc 
(negative copy) is given in Plate III. 

The following tables contain the results of measures of the lines 
in the spot and the flame spectra, and a comparison of the two with 
each other and with the corresponding lines in the spectrum of the 
disk, where such exist. It has seemed desirable to give the evidence 
in full, not only on account of the importance of the question of the 
existence of the titanium flutings in spots, but also because of the 
almost equally important one of their existence in the sj)ectrum of 
the disk. The results given here, however, are not to be regarded as 
complete, nor do the coincidences shown represent by any means the 
total contribution of the titanium flutings to the spot spectrum in this 
region. The flame spectrum of titanium in the red consists of a 
large number of flutings and bands, which overlie one another in an 
extremely complex fashion and contain a vast number of lines. The 
spectrum of the spot is similar, and a complete comparison of the 
two will involve a very large amount of measurement, and belongs 
rather to an exhaustive investigation of the spot si)ectrum than to the 
objects of this communication. Enough is given here, we believe, to 
indicate the nature of the results which a complete study would furnish. 

* The head of this fluting has been measured uj)on numerous plates. r)nly two 
plates, however, and these taken under exceptionally good conditions, show the fine 
Hnes satisfactorily. 
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The method of procedure which we have followed has been to 
select the more important of the titanium flutings in the spectrum 
of the flame of the electric arc and to measure all lines within a con- 
siderable distance of their heads. The results are then compared 
with the lines measured in our photographs of spots. In order to 
show what proportion of the spot lines is due to titanium, a complete 
list is given for the regions investigated, except, of course, that the 
lines identified by Rowland are not included. The arrangement of 
the tables is as follows: The first two columns contain the wave- 
lengths and intensities of the lines measured in spots, the third and 
fourth columns the wave-lengths and intensities of lines given in 
Rowland's tables which may be coincident with the spot lines, and 
the fifth column the wave-lengths of the lines measured in the flame 
spectrum of titanium. We have assumed for the greater part of the 
spectrum the value of 0.05 tenth-meters as the largest discordance 
which may exist between lines coincident in spot, disk, and flame, 
our measures of the stronger lines identified by Rowland indicating 
ranges of about this amount. In the extreme red this value becomes 
slightly larger, the character of the lines preventing such accuracy 
of measurement as can be attained in the more refrangible regions. 

An analysis of these tables gives the following results: 

Total number of spot lines 234 

Coincident with Ti lines ic:2 

Thus about 65 per cent, of the total number of spot lines have 
corresponding lines in the band spectrum of titanium. 

Number of sjxit lines with Ti coincidences which have possible coincidences 

in the disk spectrum 42 

Identified by Rowland or not coincident with Ti lines .... 19 
Strong lines of 7V or other elements 6 25 

NumlxT of lines in disk coincident with ri lines 17 

NumlxT of sjMit lines with no Ti coincidences 82 

XumlxT of coincidences in disk for these 36 

This summary leads to the im])ortant conclusion that 43 per cent, 
of the spot lines with no coincidences in the Ti band spectrum, and 
but 1 1 i)er cent, of those with such coincidences, have corresponding 
lines in the disk. Since the hitter (juantity is no larger than could 
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TABLE I 
Comparison of Titanium Flutings with Spot and Solar Spectra 



Spot 


Sun 


Ti 














Notes 


A 


Int. 


A 


Int. 


A 




5597-98 


I 


• ■ • 




•99 


I St head 


5600.79 


000 


■ • • 




.80 




5608.48 


000 


•52 


000 


■49 




5698 • 74 


000 


• • • 


• • • » • 


-74 




5609.04 


JOO 


« > • 




.02 




5609-3T 


000 


« • • 




•33 




5611.02 


00 


• • * 




.02 




* * * * 


* * 


* * 


* * * 


* * 




5629.52 


O-I 


■ • • 




•52 


2d head 


♦ * * * 


* * 


* * 


* * * 


•K * 




6158.84 


O-I 


.89 


000 


.84 


I St head 


6159.38 





• • • 




.36 




6164.86 


00 


« • • 




.90 




6168.00 


00-0 


• • • 




.00 




6171 .41 





•44 


0000 


.40 




6172.18 


I 


.16 


000 


.16 




6174.41 


I 






•45 




6184.72 









.67 




6187.82 









.82 




6189.02 


1-2 






88.97 




6189.58 


I 


•59 


0000 N 




K 6189.58 


6190.12 


I 






.11 




6192.42 









•39 




6193.02 


O-I 






.01 




6193.56 


O-I 






•56 




6194.35 









•30 




6195-31 


00 






'33 




6195. 6q 


O-I 


.66 


oN 


• • > 




6197.29 









•32 




6197.88 


O-I 






.91 




6198.68 


1-2 






.64 




6199.84 


I 


[ .72 
I -98 


00 I 
0000 ) 


.84 




6201 .20 


0-; 


.18 


000 


.18 




6201 .94 









.94 




6202.58 


I 






•59 




6202 .96 







"••••• 






6203.38 


I 






■3« 




6206 . 60 


I 






■5') 




6208.08 


O-I 






.08 




6208.65 


O-I 




I 

:::::: \ 






6209.17 


I 




oS.Q7 


Ti line (loiihle or triple 


6209.55 











6210.18 


2 


. 




•17 




6210.89 


5 


.90 


000 N 




7'/ line al 621 1 .02, which is prob- 


6211.88 









.91 


[ahlv included in this 


6212 .15 







• • ■ • • • 






62 1 2 . 48 





.4S 


0000 


•45 




6214.07 


2 


.08 


V 000 


•03 




6214.43 





. . . 





■ - 1 


Cr line at 6214.41 


* * * * 


♦ * 


* * 


* * * 


* * 




6262.01 





• • a 




61 .gg 





8o 



GEORGE E. HALE AND WALTER S, ADAMS 



TABLE I— Continued 



Spot 




Sun : 


r« 


^T 
















Notes 




A 


Int 


A 




Int. 


K 






6262.52 







m m 




50 






6262.90 
6263.45 








' • 


::::::! '3. 


20 


Ti line double 




6263. Q9 


I 




• • 




97 






6264.82 


I 




■ • 




84 






6266.14 ) 
66.51 ) 


2 


(68 


55 

82 


000 
0000 


16 


V 6266.54 




6269.00 


2 


08 


V 000 N 








6274.86 


4 




87 


00 




V 6274.89 




6276.40 







•45 


0000 N 








6284.36 







. . 










6285.34 


4 




3« 


VooN 








6286.17 


I 














6286.98 


o-i 


87 


.01 


0000 N 




V 6287.02:06286.95 




6289 . 23 


00 




. . . 










6289.70 


2 


\ 


61 

79 


A (OJ . 

0000 




Spot line broad 




6292 . II 











13 


V line at 6292 .09 




6293.09 


6 


1 


■03 
■17 


V 000 ( 
A(0)3 { 


09 






6296.78 


4-5 




• ■ 




82 






6297.25 







■ I • 




. • 






6300.58 







•54 


000 


.62 


• 




6300.93 


o-i 




.90 


000 


. . 






6303 -97 


4 




.98 


000 N 


98 


Strong line of Ti 




6305 03 


00 




•07 


0000 N 


. . . 






6305.90 


10 

1 




.88 


0000 


77 


Spot line very broad, 
part to strong Ti line 


Due in 

6305 -77 


6307.21 











. . . 


Cr 6307.19 




6307 -59 











•55 






6307.99 









08 


.01 






6308.52 


1 








47 






6309 72 


O-I 








. - . 


V 6309 . 74 




6 ^ 1 1 . 06 


I 




.06 


0000 


. • • 






6312.46 


3 




.46 


00 N 


46 


Strong line of Ti 




6313.18 


1-2 




. . . 




14 






^Si.V72 


O-I 




. . . 










6314.47 


I 




•45 


A (O) 


.42 






63 1 6 . 62 


1 


) 


•51 
82 


A(\vv)ooooX 
0000 


•54 


Sjxjt line very broad 




6322 .02 


0-1 




. • 




. . 






6323 -S.S 


I 




. . 




51 






6324.70 







71 


A(0)oo 


74 


V line at 6324.74 




^^25. 39 


2 




3« 


0000 


•34 






6326.34 


O-I 








■ • 






6327 . 1 1 


I 




. • 




'3 






633 1 . 80 


I 




. . 




. ■ 






* * * ♦ 


♦ ♦ 


A 


K ♦ 


♦ * * ^ 


|C }|C 






665 1 . 62 


2 




• , 




56 


ist head 




6652.32 


00-0 




• ■ 




30 






6653. I Q 


00 




22 


0000 


24 






66s ^ 80 ( 


I 






54 


44 


Broad patch in lx)th spo 


t and Ti 



SUN-SPOT SPECTRA 



8i 



TABLE l--CofUinued 



Spot 



6655 
6656 

6657 
6657 
6658 
6659 
6660 
6661 

6662 

6662 
6664 
6665 
6666 

6667 

6668 

6668 

6669 
* * * 

6681 
6681 
6682 
6682 
6683 
6684 
6686 
6687 
6688 
6689 
6689 
669c 

91 
6691 

6692 

6693 

6694 

6695 

6697 

6698 

6698 

6699 

6700 

6700 

6701 

6704 

6705 

6706 
6707 
6708 
6709 
6710 
6711 



21 

67 

99 
58 

20 
78 

37 
08 

67 

83 

55^ 

63 

77) 

24 

03 

63 
06 

II 

6s 
34 
91 

63 
96 

10 

78 
28 

06 

^% 
14 

44 ) 

91 

83 
62 

58 

Si 

19 

12 

87 
90 

36 
82 

67 
82 

85 
80 

39 
13 
23 
57 
49 



Int. 



00 

O-l 

o-i 

o-i 

o 

o 

o-i 

I 

00 

o 
I 
I 



00 

o 

00 

o 
* * 

I 

00 

00 

00 

00 

00 

O-I 

I 

00 
o 
00 

1-2 

o 

CXD 

o 

00-0 

00 

00 

00 

2 

o 

00 

00 

O-I 

00 



o 
00 

4 
o 

I 

o 



Sun 



62 



78 



64 
04 



62 
20 



16 

83 
32 
01 



75 



91 



62 

75 

94 

■ • 

18 

23 
57 
53 



Int. 



0000 

000 N 



0000 
0000 
Cr 00 
0000 N 



000 



■n! 



000 N 

0000 N 
* * * 



Ti 



61 



0000 



000 

0000 
0000 



0000 
ooooN 
o 
0000 



\ ' 



67 

27 
96 

54 



32 
99 



79 
52 

70 



02 

01 
* * 

II 
62 

30 

65 
II 



95 

80 

61 
56 
51 

10 
84 

<-)2 



86 
81 

24 



Notes 



Broad in spwt 



2(1 head 

Practically a band in spot 



A broad band in spot 



64 Ti line double 

65 I 
86 I 



Ca 6708. 15 



82 



GEORGE E. HALE AND WALTER S. ADAMS 



TABLE I— Continued 



Spot 



67 
67 

67 

67 

67 

67 
67 

67 

67 
67 

6720 
6721 
6721 
6722 
6722 
6723 
6724 
6724 

6725 
6725 

6726 

6727 

6728 

6729 

6730 

6730 

6731 

6731 
6732 

34 

6735 

6735 
6736 

6737 
673« 
673'^ 
39 
6740 

6740 

6741 
42 

* ♦ : 

7054 

* * 

7o6g 
7o(^x) 
7070 
7071 
7072 
7072 

7073 



98 

57 
09 

30 
80 

59 
12 

98 

49 

84 

49 
18 

66 
24 
75 
74 
20 
60 
27 
89 

30 

30 

53 
26 

05 

5^ 
08 J 

83 J 
96 

83 1 

31 

79 

3^ 
28 

07 

70/ 

79 ) 

57 

S2 

44 ) 

; Hn 

60 

: * 

32 

73 
40 

35 

** ^ 

27 



Int. 



00 

00 

o 

I 

00 

2 

CX5 

o 
00 

1-2 
00 
00 
00 

2 

00 

00-0 

00-0 

00 

O 

O 

00-0 

00 

I 

I 

00 

00 



1-2 

00 
O 

o 
o 
o 



00 
o 

2 

* * 
2 

♦ * 

O 

00 

T-2 

I 

1-2 

00 

T 



Sun 



64 



88 



22 



27 
00 

56 



28 



78 



* * 

35 



Int. 



000 N 



0000 



00 

000 N 
000 N 



0000 



^r ^F 'r 

"r "r ^F 'r 

0000 X 



Ti 



42 



000 



14 

25 
82 

54 
17 
95 

86 

18 

65 
24 
78 
76 
19 



86 
26 

48 
22 

• 

55 

94 
06 

77 

2?, 

30 
07 

65 

^?. 
12 

* * 

* * 



37 

30 
27 

2Q 



Notes 



Strong line of Ti 



Fairly strong Ti line 

Broad patch in spot 

Bright streak in spot: dark space 

Broad band 



[in Ti 



Sj>ot line is double: Ti line forms 

[one component 

Broad band in spot 



Strong head in both spot and Ti 



Spot line includes solar 7072 . 13 



SUN-SPOT SPECTRA 



83 



TABLE I— Continued 



Spot 



66 
90 
28 

41 
20 

85 
65 



7074.18 
7074 -54 

7075-15 
7076.18 

7076.72 

7077.23 

7077.99 

7078.29 

7079.24 

7080.47 

7081.68 

7082.96 

7084 . 25 

7086 

7087 

7089 

7091 

7092 

7092 

93 
7094.79 

7095.16 

7096.12 

7096.63 

7007.50 

7099.19 

7099.83 

7101.31 

7102 ,63 

7103.26 

7104.63 

7105 .02 

7106,36 

7106,77 

7108 

7108 

7109 

7110 

7111 

7112 

7113 
7116 

7117 
7118 
7119 
7119 
7120 
7120 
7121 
* * 

7125.89 



I 



13 
75 
91 
66 

75 

87 

91 
29 

34 
52 
21 

93 
16 

43 

.21 



Int. 



00-0 

00 

o 

o 

00-0 

00 

1-2 

o 

2 

I 

I 

1-2 

1-2 

00 

1-2 

00 

00 

00 



00 

00 

o 

o 

o 

o 

I 

I 

1-2 

o 

o 

00 

I 

I 

00 

o 

o 

00 

I 

00 

00 

o 

1-2 

1-2 

00 

00 

00 

00 

O 

* * 

2 



Sun 



19 



24 
59 



43 
22 



14 
66 



22 

81 

56 



19 



70 
73 

87 



55 

25 
96 



* * 



Int. 



0000 



000 N 
0000 



0000 
000 N 



000 
0000 

0000 N 
0000 N 

000 N 



43 A PoooNd? I 



0000 N 



\ 



Ti 



78 



88 



93 
95 



0000 X 
.A. 000 X 



0000 



A I 

0000 
000 X' ] 

)r 



33 



15 
10 

26 

47 
69 

96 
24 

00 



00 



77 

35 



65 

5^^ 
^^ 



37 



00 



Notes 



Lines poor in both spot and Ti 



Fairly strong line of Ti 
2d head of fluting 



Broad band in spot; very broad, 
hazy, and poor in Ti 



Spot liiu- probably double 



He 9(( * I * * ' 

! .88 I ;,(1 hc-adof Hutinp 



84 GEORGE E. HALE AND WALTER S. ADAMS 

be accounted for by accidental coincidences within the limits ol 
accuracy of the measures, the conclusion is justified that the 
titanium flutings are not present in the spectrum of the disk. This 
conclusion is greatly strengthened by the fact that of the nine heads 
of flutings which have been measured in spots and in the flame, and 
which are conspicuous as compared with the remainder of the lines 
of the band spectrum, only one has a possible counterpart in the 
spectrum of the disk. It seems certain, therefore, that the tempera- 
ture of the reversing layer is normally too high to admit of the presence 
of the band spectrum of titanium. 

SPARK' LINES IN THE RED 

Though our comparison of spot lines with the spectra of the 
various elements is as yet ver>' incomplete, and wt have no plates 
extending to wave-lengths greater than X 6700 for any except titanium, 
some results already found for the lines enhanced in the sp^rk, and 
for a few lines strengthened in the flame spectrum, are of sufficient 
interest to warrant their inclusion here. 

The following list includes the more important of the spark lines 
of iron, titanium, and nickel, and indicates their behavior in spots.' 
The amount of enhancement in the spark is given on a scale of 
otos- 

» Since the beginning of this investigation, we have been troubled by a (luestion of 
nomenclature. Lockyer has applied the appropriate name "enhanced line" to a 
line that is strengthened in the spark, as compared with the arc, and this designation 
is now generally used in the literature of spectroscopy. No suitable name has l)een 
suggested for lines that are strengthened in the flame of the arc, where the "enhanced 
lines" are weakened. In any event, confusion is likely to result from the fact that the 
lines which have always been regarded as characteristic of sun-spots — tlu)se which 
are more conspicuous in the s|K)t than in the solar si)ectrum — are not "enhanced" 
lines. On the contrary, they are lines that are strengthened in the flame; the 
"enhanced" lines are weakened in sjxDts. In the present paper we have thought best 
to adopt the old terms "spark line" and "flame line" for lines strengthened in the 
spark or flame, respectively. It is, of course, well understood that spark lines do not 
exist exclusively in the spark, or flame lines in the flame. The intensity of spark 
lines increases as the temperature rises, while that of the flame lines increases as the 
temperature falls. 

2 As the question of impurities has not yet been fully investigated, some of these 
lines may arise from foreign sources, though they would still seem to belong in the 
list of spark lines. 
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The above list affords strong additional evidence for the con- 
clusion that spark lines are weakened in the s])ectra of spots. 

FLAME LINES IN THE RED 

In view of the importance of accurate determinations of chmges 
in line intensities in passing from the core of the electric arc to the 
flame, it has seemed desirable to take up this side of the investiga- 
tion with a photometer especially adapted for the purj)()se. Accord- 
ingly, we have as yet made no systematic examination of the lines 
strengthened in the flame for the red region of the si)ectrum. A few 
cases, however, are so striking that they are deserving of comment. 
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The following table indicates the behavior in this regard of two 
lines of calcium and two lines of sodium. The amount of strengthen- 
ing in the flame as compared with the core of the arc is on a scale 
of o to 5. 
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* It is not certain that this line is due to caldum, as it appears strongly on plates of several other 
elements. It is in every case greatly strengthened in the flame. 

SODIUM 
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The two calcium lines given above show the largest increase of 
intensity in passing from the core of the arc to the flame of any lines 
which we have encountered. The remarkable degree to which they 
are affected in spots also makes them conspicuous among the spot 
lines. 

MOTION OF SPOT VAPORS IN THE LINE OF SIGHT 

The importance of the question of the motion in the line of sight 
of the spot vapors as bearing on any theor)'' of spot structure, is of 
course, very great, and has been kept in mind in the investigation of 
our observational material. In the method which we have adopted 
of photographing spot spectra it is necessar\' to make the exposures 
on spot and disk separately, occulting one while the other is being 
photographed. For this purpose an occulting bar is moved across 
the slit by means of a rack and pinion, as in most stellar spectro- 
graphs. Accordingly, the danger of errors arising from instrumental 
sources should not be great. 

The study of the plates has led to the conclusion that there is as 
a rule very little motion in spot umbrae. Out of eighty plates of 
eleven spots only two gave any reasonably certain displacements of 
the spot lines, and even in these two cases the values were close to 
the limit of accuracv of the measures. In both instances the motion 
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was directed downward, and amounted to about 0.2 km a second. 
In one case, moreover, the motion was certainly temporary, since 
plates of the same spot taken on the following day gave no displace- 
ments whatever. The general conclusion, then, seems to be justified 
that the vapors forming the umbra of a well-developed spot are nor- 
mally nearly at rest, with perhaps some presumption of a slow down- 
ward drift. This result is in agreement with that found by Mitchell 
from the study of a large number of spots during 1904-5. He says: 
"Line-shifts in the spot-spectrum, with the exception of those due 
to hydrogen, are very rare."' 

EFFECT OF DENSITY 

The suggestion has been made that the relative intensities of 
lines observed in spots and in the laboratory may be due to the 
increased density of the vapors producing them. To test this ques- 
tion, the following experiments have been made in our spectroscopic 
laboratory by Dr. Olmsted. 

The spectrum of a 30-ampere arc, between iron poles, was com- 
pared with that of a 2-ampere arc, between carbon poles containing 
only a trace of iron. The changes in the relative intensities of the 
lines were similar to those observed in passing from the ordinary 
solar spectrum to that of sun-spots. Moreover, a 2-ampcre arc 
between iron poles gave the same spectrum as the 2-ampcre arc 
between carbon poles, with but little iron present. 

A spark between iron poles, with no self-induction, was comj)ared 
with a spark between one iron and one carbon pole, witli self-induc- 
tion to cut down the temperature. The changes of relative intensity 
were those observed in all other cases when the leni])erature is reduced. 
Two carbon poles, with a small amount of iron filings j)resent, and 
two iron poles, both with self-induction, gave the same relatixe inten- 
sities of the lines. 

Similar experiments were tried with manganese and calcium, in 
both the spark and the arc. In all cases the relative intensities of 
the lines seemed to depend simply u])on the stn-ngtli of the current, 
or the amount of self-induction, and to he entirely indej)en(lent of 
the density of the radiating vaj)f)r. 

* Asirophysical Journal, 22, ^S. 1(^05. 
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THE TEMPERATURE OF SUN-SPOTS 

The presence of the titanium flutings in spots, and their apparent 
absence from the ordinar}'' solar spectrum, strongly confirm the view 
that the umbral vapors are cooler than those of the reversing layer. 
It is not yet certain that these flutings are due to the oxide, but they 
presumably represent a molecule that is dissociated at high tempera- 
tures. The fundamental differences between line and band spectra — 
for example, the fact that flutings are unaffected by pressure or by 
a magnetic field — are generally held to indicate that they arise from 
different aggregations; in short, that lines represent the atom, while 
bands represent the molecule. 

In our laboratory experiments the strengthening of flame lines 
and the weakening of spark lines have always appeared to be asso- 
ciated with reduction of temperature. Crew's work has shown that 
rapid change of potential is an effective means of strengthening 
spark lines, but it almost certainly involves a momentary increase of 
temperature, and in any case cannot be considered the only possible 
mode of altering the relative intensities. The theoretical considera- 
tions so ablv summarized bv Crew in his recent address before the 
American Association* seem to favor the view that the relative inten- 
sities of spectral lines arc more easily influenced by some electrical 
cause than by change of temperature. But how can the results of our 
experiments with so many different sources be accounted for in this 
way ? We fail to sec, for example, how electrical causes could have 
operated in our furnace, especially after the arc, which played on 
the outer walls of the carbon tube containing the metal, had been 
extinguished. It seems almost certain that in this case the relative in- 
tensities of the lines were determined by the temperature, or by chemi- 
cal action, which might be a function of the temperature. The range 
of temperature obtainable in our furnace was hardly sufficient to pro- 
duce unquestionable changes in the relative intensities of lines, though 
there seem to be some cases of this kind in the case of chromium. 
Pending the continuation of this work, we cannot claim to have done 
more than to prove that the changes of relative intensity from a 
30-ampere to a 2-ampere arc, and from core of arc to flame, resemble 

' SciencCy January 4, 1Q07. 
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those from core of arc to furnace. However, the flame is undoubtedly 
cooler than the core of the arc, and in the furnace the temperature 
was too low to melt titanium. Moreover, the well-known changes in 
the relative intensities of the calcium lines, in passing from the Bunsen 
burner to the oxyhydrogen flame, certainly indicate that temperature is 
quite as competent as change of potential to produce these phenomena. 

The simplest way to account for the relative intensities of lines in 
the spectra of sun-spots and third-type stars is to assume that reduced 
temperature in these sources is the effective cause. For, on the one 
hand, the presence of the titanium flutings, which consistently rise 
and fall in intensity with the flame lines in all of our sources, and are 
absent from the solar spectrum, leaves little doubt that the vai)ors 
in sun-spots and third-type stars arc cooler than the corresponding 
vapors in the reversing layer. On the other hand, laborator}- experi- 
ments have shown that changes of temperature may produce, either 
directly or indirectly, just such spectral phenomena as those here 
involved. It therefore seems entirelv unncccssars' to assume that 
electrical phenomena, or other such causes, are at work, though their 
operation is not necessarily excluded. 

Although we are thus inclined to regard the relative intensities 
of spot lines as resulting from reduced temperature, we by no means 
consider this cause competent to ex])lain the many peculiarities exhib- 
ited by spot spectra. The existence of winged lines, for exami)le, 
may depend upon the density and ])erhaps upon the level of the cor- 
responding vapors. Further reference to this question is made below. 
A more complete investigation, however, will demand much work 
in the future. 

STRATIFICATION OF THE VAPORS IN SUN SPOTS 

We now pass to the dilllcult task of examinin<:^ a few of the com- 
plex details of spot spectra, for the ])ur])ose of inUTj)rc'ling thrm in 
accordance with some rational view of sun-spot structure. We are 
called upon to account for the following phenomena, among others 
perhaps equally important: 

I. The gradual decrease, as we proceed toward shorter wavi^- 
lengths, in the amount by which spot lines are affected, and the close 
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agreement in the ultra-violet of the spot spectrum with the solar 
spectrum. 

2. The presence in spots of the strong and sharply defined lines 
of the titanium line spectrum, together with the faint flutings of the 
band spectrum. 

3. The fact that all of the sodium lines, about 80 per cent, of the 
calcium lines, and about 25 per cent, of the chromium, iron, and 
manganese lines are accompanied by wings, while none (or very few) 
of the lines of titanium or vanadium are thus affected.* 

4. The reversals of spot lines observed by Young and Mitchell. 
Although no complete discussion of these points can be attempted 

until more laboratory work has been done, their brief consideration 
at the present time may aid to clear the way for further investigations. 
The great similarity between the sjx)t and solar spectrum in the uUra- 
violet may be regarded as the maximum development of a tendency 
which has already become very marked in the violet region. The 
gradual decrease in the amount by which titanium and vanadium 
spot lines are affected, as we pass from the yellow through the blue 
to the violet, and the decrease in the number of strengthened lines 
of iron in the blue and violet, arc strong indications of such a tendency. 
The changes in the relative intensities of the lines observed in the 
laboratory show no such marked falling-off in the more refrangible 
region. For this reason it seems probable that many of the spot 
phenomena depend upon the level of the umbral vapors in the solar 
atmosphere. 

In our previous paper we made the purely tentative hypothesis that 
the gradual weakening of the spot spectrum and its replacement by 
an almost unmodified solar spectrum in the ultra-violet might be 
attributed to the presence of the ordinary reversing layer over the 
umbral va])ors. The absorption and scattering of tlic more refran- 
gible sj)ot radiations within this layer, and especially within the spot 
itself, would i^reatly decrease their intensity, while the superposed 
reversini^ layer would produce the ordinary solar spectrum. How- 
ever, the (liriicully of accounting for a condition of atTairs in which the 

» Tlu-sc tii^UR's were dt-rivt-d from a study of over 400 of the slrcn^lbcncd lines 
in the rcnioii from X 4S00 X 7,^00. If wiii^s (ouhl he st-cn on the fainti-r liiu-s, these 
pen enlams would douhlless Ik- nioditicd. 
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reversing layer, undiminished in temperature (as indicated by the 
unchanged relative intensities of its lines), actually overlies the umbra 
and penumbra, is very great. It would seem that the temperature 
of vapors overlying a sun-spot must be lower than that of the cor- 
responding vapors in the reversing layer above the photosphere, 
both because of the absence of strong convection currents, and because 
of the diminished radiation from the spot, due to the absorption and 
scattering of the radiation proceeding from below the umbra and 
the comparatively low temperature of the spot vapors. Our meas- 
ures of the sun-spot lines, as explained elsewhere, show ver}^ few- 
evidences of motion in the line of sight. In the instances when 
motion was detected it was directed downward. This result would 
be in harmony with our knowledge of other spot phenomena. It is 
a well-known fact, for example, that eruptions rarely or never occur 
in the umbra, but almost invariably at a point outside of the penumbra 
or in a "bridge." It would consequently appear improbable that 
convection currents, such as offer visible evidence of their presence 
in the photosphere, are to be regarded as existing in the umbra. If 
the umbral vapors overlie the photosphere, convection currents may 
possibly rise from the interior below them. Their effect ui)on the 
temperature of the region above the umbra, however, would cer- 
tainly be greatly diminished by the strong absorption and scattering 
of the spot vapors. 

It is thus difficult to see how the unchanged reversing layer can 
exist over sun-spots. How, then, are we to account for the presence 
of the ordinary solar spectrum in the ultra-violet region ? We have 
shown in previous papers that the relative brightness of the umbra 
as compared with the photosphere is much smaller in the violet than 
in the red. At X 4000, for example, the s])ot spt-ctruni must be 
exposed about eleven times as long as the spectrum of the disk, in order 
to get a negative of equal intensity, while in the yellow an exposure 
six times as long will suffice to give such a result.^ The long exposure 
required in the violet for the spot sj)eetrum has suggested the j)ossi- 
bility that two principal sources, from which a solar sj)ectrum might 
be derived, must be taken into account: 

I. Sunlight scattered in tlie earth's atmos})here. 

^ The ratios wtrv incorrcc lly i^ivcn in our ])iwi()us })a])cr. 
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2. Light from the photosphere, brought upon the slit by atmos- 
pheric disturbances during the exposure. 

Sunlight scattered by small particles lying above the umbra (such 
as produce the solar spectrum observed in the inner corona), and 
diffuse light in the spectroscope, may also be involved, but probably 
in very small degree. 

It is easy to determine the approximate intensity of the scattered 
light in our atmosphere. Photographs of the spectrum of the sky 
near the sun, taken for this purpose, showed that under the con- 
ditions existing at the time the sky spectrum at \ 4000 was about one- 
fortieth as bright as the spectrum of the center of the sun^s disk. 
Our observations indicate the presence of certain spot lines, and 
consequently a very apj)reciable value for sun-spot radiation, much 
farther to the violet than \ 4000. At present we have a con- 
siderable number of lines in the ultra-violet reaching as far as 
A. 3662, and under the finest conditions of definition of the solar 
image this limit might perhaps be extended farther. In this region 
the intrinsic brightness of the sky would be appreciably greater than 
at X 4000, and, in the longer exposure required to photograph 
the spot spectrum, the sky spectrum would appear on the plate with 
considerable intensity. In the less refrangible region of the visible 
spectrum, however, it would bo much fainter, and perhaps hardly 
perceptible, partly because of its smaller intrinsic brightness, and 
partly because the exposure required for the spot is relatively much 
shorter than in the violet. 

The effect of the photospheric light which enters the slit, because 
of the unsteadiness of the solar image, must always be ap])reciable 
in exposures of any considerable length. The rapid decrease in the 
exposure time required to photograph the spectrum of the umbra 
of a spot, when the definition of the sun's image becomes poor, is 
excellent evidence of the importance of this fact. Among other causes 
which would tend to introduce ])hotospheric light into the s])ot spec- 
trum would be astigmatism, due to distortion of the mirrors by heat- 
ing; change of focal length during the exposure, resulting from the 
same cause; and unsteadiness of the spot image upon the slit, due 
to imperfect guiding. 

The combined effect of these various causes would undoubtedly 
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account for the presence of an ordinary solar spectrum in the ultra- 
violet region of spot spectra. Whether its intensity would be as great 
as the observed intensity cannot be certainly determined until further 
quantitative studies have been made.* 

In seeking to account for the phenomena enumerated (2) to 
(4), page 90, let us tentatively make the hypothesis that the mini- 
mum temperature and the maximum density of the spot vapors 
occur in the lower part of the umbra. We know little or nothing as 
to the nature of the radiation which proceeds from the photosphere 
or from any other source that may underlie the umbra. In any case, 
however, the intensity of this radiation must be greatly diminished 
by absorption and scattering in its transmission through the spot. 
The faintness of the wings accompanying so many of the lines, and 
the greater frequency of the winged lines in the less refrangible region, 
would seem to indicate that the radiation of the va}X)rs which are 
dense enough to produce these wide wings must proceed from a very 
considerable depth, and thus be subject to strong absorption and 
scattering, which should be most marked in the more refrangible 
region. Again, we have the case of the titanium spectrum, in which 
the flutings are faint while the lines are strong and well-delincd, in 
no instances (or very few) being accompanied by wings. Tlic band 
spectrum, according to the generally accepted view, is due to the 
molecules, which will be most numerous in the region of lowest tem- 
perature. It should consequently be subject to more absorption and 
scattering than the line spectrum, and therefore be comparatively 
faint. Moreover, the flutings should rapidly grow fainter in the 
more refrangible region, which is the case. 

The line spectrum, originating for the most jxirt in a region of 
higher temperature, where the vaj)or is less dense, should give sharp 
lines, without wings. Comparing the titanium s|)ectruni, therefore, 
with the spectrum of sodium, iron, or any otlier metal of low 
melting-point, we may say that the s]K)t temperature is low enough 
to produce a band spectrum only in the case of so refractory a 
substance as titanium; whereas in the case of the other metals, the line 
spectrum is produced throughout the entire (lej)th of the spot vapors. 

* For an interesting discussion of tht-sc questions wliich has reached us since ihe 
above was put in type, see Xewall, Monthly Notia-s, January igo;. 
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If this purely tentative hypothesis be sound, vanadium should 
behave much as titanium does, on account of its high melting-point. 
Hitherto, however, we have not been able to produce a vanadium 
band spectrum in the laboratory, or to identify it in spots. We are 
continuing our investigations on this subject in the hope of making 
the test. 

The hypothesis that the temperature of the spot vapors is higher 
in their upper part provides the simplest way of accounting for the 
existence of bright reversals of some of the spot lines, obsen^d by 
Young and Mitchell. The question whether the lines will be reversed 
or not depends upon the temperature and density gradients of the 
vapors, just as in the case of the electric arc. If a sufficient difference 
of temperature exists, and the upper vapors are dense enough, rever- 
sals will occur. It is evident, however, that this subject will require 
much further study, made with special reference to the individual 
peculiarities of the reversed lines. 

January, 1907 



ARBITRARY DISTRIBUTION OF LIGHT IN DISPERSION 
BANDS, AND ITS BEARING ON SPECTROSCOPY 

AND ASTROPHYSICS^ 

By W. H. JULIUS 

In experimental spectroscopy, as well as in the application of its 
results to astrophysical problems, it is customary to draw conclusions, 
from the appearance and behavior of spectral lines, as to the temper- 
ature, density, and motion of gases in or near the source of light. These 
conclusions must in many cases be entirely wrong, if the origin of the 
dark lines is exclusively sought in absorption, and that of the bright 
ones exclusively in selective emission, without taking into account the 
fact that the distribution of light in the spectrum is also dependent on 
the anomalous dispersion of the rays in the absorbing medium. 

It is not in exceptional cases only that this influence makes itself 
felt. Of the vapors of many metals it is already known that they 
bring about anomalous dispersion with those kinds of light that belong 
to the neighborhood of several of their absorption lines. ^ In all these 
cases the appearance of the absorption lines must to a greater or less 
extent be modified by the above-mentioned influence, since the mass of 
vapor traversed by the light is never quite homogeneous. Hence it is 
necessary to investigate the eff'ect of dispersion on spectral lines sepa- 
rately; we must try to distinguish it entirely from the phenomena of 
pure emission and absorption. 

The previously described ex})eriments with a long sodium flame,^ 
in which a beam of white light alternately traveled along dift'erent 
paths through that flame, constitute a first attempt in this direction. 
With these relative displacements of beam and flame the rays of the 
anomalously dispersed light were much more bent, on account of the 

' The main part of this pa])cr was communii at«Ml at ihf mntin^ on Srj)ttml)iT 2(j, 
1906, of the Royal Academy of Si iciK t-s of Amsterdam. 

* After Wood, Lummer and Prin^slieim, FdnTt, e^ju'cially Puecianli has investi- 
gated the anomalous disyxTsion of various metallic va|)ors. In Xmn'o C'unoUo, (x,) 
9f Z^Zi ^9°5> Puccianti describes over a hundred lines showinj^ the phinomenon. 

3 W. H. Julius, "Disjiersion liands in Absf)rption S[)ectra," Froc. Roy. Acad. 
Amst.j 7, 134-140, 1904; Astrophysical Journal, 21, 271, 1005. 
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uneven distribution of the sodium vapor, than the other rays of the 
spectrum; absorption and emission changed relatively little. The 
result was that the distribution of the light in the neighborhood of D, 
and Da could be made very strongly asymmetrical, which could easily 
be explained in all details as the result of curvature of the rays. The 
existence of "dispersion bands" was thus proved beyond doubt. 

But the pure effect of emission and absorption was not absolutely 
constant in these experiments, and only conjectures could be made 
concerning the density of the sodium vapor in the different parts of 
the flame. Moreover, the whirling ascent of the hot gases caused all 
rays, also those which suffered no anomalous dispersion, to deviate 
sensibly from the straight line, so that the phenomena were too com- 
plicated and variable to show the effect of dispersion strictly separated 
from that of emission and absorption. So our object was to obtain 
a mass of vapor as homogeneous as possible and, besides, an arrange- 
ment that would allow us to bring about arbitrarily, in this vapor, 
local differences of density in such a manner that the average density 
was not materially altered. The absorbing power might then be 
regarded as constant. At the same time it would be desirable to 
investigate the vapor at a relatively low temperature, so that its 
emission spectrum did not have to be reckoned with. 

In a scries of fine investigations on the refractive power and the 
fluorescence of sodium vapor, R. W. Wood' caused the vapor to be 
developed in an electrically heated vacuum tube. It appeared possible, 
by adjusting the current, to keep the density of the vapor ver}' 
constant. Availing myself of this experience, I made the following 
arrangement for the investigation of dispersion bands. 

APPARATUS 

iViV (see Fig. i) is a nickel tube of 60 cm length, 5 . 5 cm diameter, 
and 0.07 cm thickness. Its middle part, having a length of 30 cm, 
is placed inside an electrical furnace of Hcraeus (pattern E 3). Over 
its extremities covers are placed, the edges of which lit into circular 
rims soldered to the tube, which consequently shut air-tight when the 
rims are filled with cement. When the furnace is in action, a steady 
current of water, passing through the two mantles M and i/', keeps 

I Phil. Mag., (6) 3, 128; 6, 362, 1903. 
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the ends of the tube cool. Each of the two caps has a rectangular 
plate-glass window, and also, on both sides of this, openings a and 
b {V and a'), placed diametrically opposite to each other and provided 
with short brass tubes, the purpose of which will appear presently. 




Fig. I 



Moreover, in one of the two caps (see also Fig. 2) two other short 

tubes c and d are fastened in openings; through c the porcelain lube 

of a Le Chatelier pyrometer is fitted air-tight, while on ^ a glass cock 

with mercury lock is cemented, leading to a manometer and a Geryk 

air-pump. As soon as the sodium 

(a carefully cleaned piece of about 

7 grams) had been pushed to the 

middle of the tube in a small nickel 

dish provided with elastic rings, the 

tube was immediately closed and 

exhausted. 

We shall now describe the 
arrangement by whicli arbitrary 
inequalities in the density distribu- 
tion were produced inside the mass 
of vapor. It consists of two nickel 
tubes A and B of o. ^ cm diameter, 

leading from a to a' and from h to 6', and so bent that in the heated 
middle part of the wide tube they run parallel over a len.L^th of :;o cm 
at a distance of only 0.8 cm. In the four openings of the caps, A 
and B are fastened air-tight Vjy means of rubber packing. This 
kind of connection leaves some play, so that by temperature differences 
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N' 



i A 



between the wide and the narrow tubes these latter need not alter their 
shape through tension. At the same time the rubber insulates A • 

and B electrically from NN', The four ends of the 
narrow tubes which project are kept cool by mantles 
E with running water (these are not represented in the 
figure). 

If an electric current is now passed through A or 
B, the temperature of this tube rises a little above 
that of its surroundings; if an air-current is passed 
through it, the temperature falls a little below that 
of its surroundings. The intensities of the currents, 
and consequently the differences of temperature, can 
in either case be easily regulated and kept constant 
for a long time. 

Fig. 3 gives a sketch of the whole arrangement. 
The light of the positive carbon L is concentrated by 
the lens £ on a screen Q having a slit-shaped aperture 
of adjustable breadth. The lens F forms in the plane 
of the slit S of the spectrograph a sharp image of the 
diaphragm P. The optical axis of the two lenses 
passes through the middle of the tube containing the 
sodium vapor, exactly between the two small tubes 
A and B. 

If now the opening in the diaphragm P has the 
shape of a vertical narrow slit, and if its image falls 
exactly on the slit of the spectrograph, then the con- 
tinuous spectrum of the arc-light appears with great 
brightness. If the tube NN' is not heated, D^ and 
D2 are seen as extremely fine dark lines, attributed 
to absorption by the sodium, which is always present 
in the neighborhood of the carbons. In order that this 
phenomenon might always be present in the field of 
view of the spectrograph as a comparison spectrum, 
also when the tube is heated, a small totally reflecting 
prism was placed before part of the slit 5, to which 
part of the principal beam of light was led by a simple combination of 
lenses and mirrors without passing the electric furnace. Thus the 
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unmodified spectrum of the source is also seen on each photograph 
that was taken. 

The spectral arrangement used consists of a plane diffraction 
grating lo cm in diameter (ruled surface 8 by 5 cm) with 14,436 lines to 
the inch, and two silvered mirrors of Zeiss; the collimator mirror has 
a focal length of 150 cm, the other, of 250 cm. Most of the work was 
done in the second spectrum. 

When heating the sodium for the first time a pretty large quantity 
of gas (according to Wood, hydrogen) escaped from it, which of 
course was pumped off. After the apparatus had been operated a 
couple of times, the tension within the tube remained for weeks less 
than I nrni of mercurj^; also during the heating, which, in the experi- 
ments described in this paper, never went beyond 450°. The inner 
wall of NN\ and also the small tubes A and J5, are after a short time 
covered with a layer of condensed sodium, which favors the homo- 
geneous development of the vapor in subsequent heatings. It is 
remarkable that scarcely any sodium condenses on the parts of the 
tube that project from the furnace, so that the windows also remain 
perfectly clear. The density of saturated sodium vapor at temper- 
atures between 368° and 420° has been experimentally determined by 
F. B. Jewett.* He gives the following table: 



Temperature 
368^ 

373 
376 
380 

385 
387 
390 



Density 

o . 00000009 

0.00000020 

o . 000000 35 
o . 00000043 

0.00000103 

o . 00000 1 35 
o . 00000 1 60 



Temperature 

395° 

400 
406 
408 
412 
418 
420 



Density 
0.00000270 
0.00000^:^0 

o . 00000480 
0.00000543 
0.00000590 
0.00000714 
o 00000750 



These densities arc of the same order of macrnitude as those of mcr- 
cury vapor between 70° and 120°. At 387° the density of saturated 
sodium vapor is about one-thousandth of that of the atmosj)lKTic air 
at 0° and 76 cm. 

OBSERVATIONS 

If we now regulate the intensity of the current in the furnace in 
such a manner that the thermo-couple indicates a steady temperature 

' "A New Mc-thod of Determining the \'aiM)r-I)in^ily of Metallic \'ay)nrs, and 
an Experimental Apj)lication to the C'ase.s of Sodium and ^^ercu^y," 7V//7. Mai;., (h) 
4, 546, 1902. 
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(in many of our experiments 390°), then the density of the vapor is 
not everywhere the same within the tube, for the temperature falls 
from the middle toward the ends; but since the surfaces of equal tem- 
perature are practically perpendicular to the beam of light, all rays 
pass nearly rectilinearly through the vapor. Accordingly the spec- 
trum is only little changed; the two D lines have become somewhat 
stronger, which we shall, for the present, ascribe to absorption by the 
sodium vapor in the tube. 

We now blow a feeble current of air through the tube A, which 
thus is slightly cooled, so that sodium condenses on it, the vapor- 
density in its neighborhood diminishing. We soon see the sodium 
lines broaden considerably. This cannot be the consequence of 
increased absorption, since the average vapor-density has decreiised 
a little. The reason is that rays of light with very great refractive 
indices are now bent toward q' (Fig. 3), and rays with very small 
indices toward q; hence in the image of the slit P which is formed on 
5, rays belonging to regions on both sides of the D lines no longer 
occur, while yet this image remains perfectly sharp, since the course 
of all other rays of the spectrum has not been perceptibly altered. If 
now at the same time the tube B is heated bv a current of, s:iv, 20 
amperes, by which the density-gradient in the space between the 
tubes is increased, the breadth of the lines becomes distinctly greater 
still. The heat generated in the tube by the current is about i calorie 
per second; it is, however, for the greater part conducted away lo the 
cooled ends of the tube, so that the rise of temperature can only be small. 

By switching a current key and a cock, A and B can be made to 
suddenly exchange parts, so that A is heated, B cooled. The dark 
bands then shrink, pass into sharp D lines and then expand again, 
until, after a few minutes, they have recovered their former breadth. 

The lines in the transition stage are fine and sharp, however, only 
if the temperature of the furnace is very constant. If it rises or sinks, 
the minimal breadth appears to be not so small. In this case, however, 
there certainly exist currents in the mass of vapor which cause the 
distribution of density to be less regular. When, therefore, A and B 
being at ec^ual temperatures, we still sometimes see the sodium lines 
slightly broadened, it stands to reason to attribute this also to refrac- 
tion in such accidental irregularities. 
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That spectral lines possess some breadth is commonly ascribed 
either to motion of the light-emitting and absorbing molecules in the 
line of sight, or to changes in the vibrational period of the electrons 
by the collisions of the molecules. We now have a third cause — 
anomalous dispersion in the absorbing medium. The whole series of 
phenomena observed in our sodium tube corroborates the opinion that 
this latter cause must in many cases be regarded as by far the most 
important. It will appear that this conclusion holds not only for dark, 
but also for bright spectral lines. 

If the slit in the diaphragm P is made much broader toward //, 
this has no influence on the spectrum as long as A and B arc at the 
surrounding temperature. The D lines appear narrow, as in a, 
Plate V. If A is now cooled below this temperature, and B is raised 
above it, the dark D lines broaden only in the direction of the shorter 
wave-lengths, while at the side of the longer wave-lengths the inten- 
sity of the light is even increased. Indeed, the deficiency of these 
longer waves, which has been observed in the case of the narrow 
slit in P, is now overcompensated by the anomalously bent rays 
coming from the broad radiating field {/ and finding their way through 
the slit Q to S. The resulting aspect is shown in fS on the ])kite. 

The spectrum y8 passes into /3' when the temperature difference 
between A and B is made to change its sign, or also when the original 
temperature difference is maintained, but the slit in P is made much 
wider toward p instead of toward /?'; for with both alterations the 
rays of longer and those of shorter wave-lengths than D, and I)^ 
only exchange parts. 

A small shifting of the diaphragm P in the direction toward /?' 
(starting from the conditions fulfilled when taking /3) brings the image 
of the screen p upon the slit 5, and thus prevents all the light not 
undergoing anomalous dispersion from reaching S, This causes the 
spectrum 7 to appear, which makes the impression of an emission 
spectrum of sodium with slightly shifted lines, although it is evidently 
only due to rays from the field p' which have undergone anomalous 
dispersion in the vaix)r. 

In a similar way the pseudo-emission s[)ectrum 7' is obtained by 
shifting the diaphragm a little, starting from the conditions that 
gave /S'. 
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The cases /3 and /3' may be combined by using a diaphragm P with 
an opening of the shape of Fig. 4. When the slit 5 occupies the posi- 
tion of the dotted line in the image of this opening, then, if A is cooled, 
we shall have the conditions of ^ in the upper and lower parts of the 
spectrum, and the conditions of y8' in the middle part. The result- 
ing combination of the spectra ^ and ^' may be easily imagined, and 
has not, therefore, been reproduced. But it is of some interest to 
notice the appearance of the same combination when the density- 




Fig- 4 



Fig. s 






Fig. 6 



Fig. 7 



gradient is made much smaller than it was when taking ^ and ^'; for 
now we get 8 and, after reversing the gradient, 8'. The line-shifting 
here produced has, of course, nothing to do with Doppler's principle. 
The two photographs further prove that even these narrow lines are 
almost totally due to anomalous dispersion instead of to absorption; 
indeed, the real, straight absorption line must be common to the 
three sections, and we see that there is scarcely any room left 
for it. 

(On several of the photographs a few narrow bright lines appear; 
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they are emission lines of the arc, belong to the extreme violet of the 
third spectrmn, and bear no relation to the phenomena with which 
we are concerned. The line a little to the right of D, for instance, 
is probably the calcium line ^3933.83, for 3933.83X5=5900.74.) 

Let us now return to the diaphragm P with a narrow slit placed 
in the optical axis. (A piece of glass coated with tin-foil, in which 
a slit was cut out, was generally used.) The spectrum then shows 
broad bands when there is a sufficient density-gradient between A 
and B. If an opening is cut in the tin-foil beside the slit, a group of 
rays of definite refractivities (and consequently also of definite wave- 
lengths) is given an opportunity to reach S through Q, and a bright 
spot is formed in the dark band, the shape of which depends on the 
shape of the opening in the tin foil, but is by no means identical with 
it. Thus, for instance, the spectrum e shows the efl"ect of a series of 
rectangular openings in the screens p and f. 

The law connecting the form of bright areas in the dispersion 
bands with the shape of openings in the screen is not very simple, 
because it depends on the configuration of the surfaces of equal 
density in the space between the tubes A and B. Some idea of the 
connection may be got if we simplify the problem by supposing 
those surfaces to be parallel planes, perpendicular to the plane 
containing the axes of A and B. The latter plane may cut the slit 
P in the point O and the slit S in O'. Wc shall take O as the 
origin of rectangular co-ordinates x (horizontal) and y (vertical), 
by which the points in the plane of the screens p and // uiuy be deter- 
mined. Points in the image on 5 may be desi<^nated by .v' and y' 
with respect to O'. 

Now let us suppose a pin-hole xy to be made in f. Liglit coming 
from this point will be focused by the lens F at a point .v'y' beside 
the slit 5, provided it has not deviated in the sodium vaj)or. It does 
not get into the spectrogra])h. But the rays un(ler<^oini^ anomalous 
dispersion will spread out nearly horizontally; the lens F unites 
them in a continuous series of [)oints havin.t^ about the same y', but 
various values of x^. Only those for which a-'=-o enter into the 
spectrograph. If in the spectrum the middle of one of the sodium 
lines be called O", the co-ordinates of the brit^ht spot, ])roduced in 
the dark dispersion band by the l:)eam that entered, will be }'" (pro- 
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portional to /) and 0, the abscissa z depending on the wave-length X 
of that beam. 

The connection between this wave-length and the abscissa x of the 
hole is given by the dispersion-curv^e of the sodium vapor. Indeed, 
we can easily prove that x is proportional to n— i, the factor only 
depending on linear dimensions of the arrangement, and on the 
density-gradient of the vapor.' So, for a given x^ n may be com- 
puted; the corresponding X is taken from the dispersion curv^e, and 
in the spectrum we have 2;=X — X^- The ordinate y" is derived 
from y by merely introducing focal distances. We shall thus 
have expressed the co-ordinates of the bright spot in terms of the 
co-ordinates of the pin-hole. 

The following instance may serve to elucidate the connection 
between corresponding figures in the plane P and in the spectrum, 
without calculation. 

Instead of the pin-hole we make a second straight slit in the dia- 
phragm, cutting the first one obliquely in O (Fig. 5). Now all posi- 
tive and negative values of x, and therefore of n — i, are represented 
each of them belonging to a separate value of y which is proportional 
to it: 

>'i : y2=Xr : .V2 = («x-i) : («a-i) . 

As the ordinates y" in the spectrum are proportional to y, we have 
also 

yi' : /2' = (wi-i) : (W2-1) . 

At the same time 

The bright curve in the spectrum, therefore, is the dispersion- 
cur\'e itself, with the point n = i, \=^\iy taken for the origin of 
co-ordinates. 

The s])ectrum ^^ of Plate V realizes this case. It has been obtained 
by using a diaphragm with an opening of the shape of Fig. 6. The 
width of the oblique slit was enlarged toward the ends in order to 
increase the luminosity of the ascending and descending branches of 



' From tht' (([uations ( i) and (2) on pages 106 and 107 follows immediately 

d\ ^dA I 
\--^dl— ' -( 
ds ds A 



dA dA I 
x = dlR--^dl--A>'-0 
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the curve. When the electric current and the air current through 
the tubes are diminished, the figure shrinks to S,; when they are 
stopped, we return to a; reversing the gradient makes the spectrum 
proceed through ^3 to f^. 

Having thus experimentally found the relation between the two 
figures for a simple case, it is not difficult to design for any desired 
distribution of light the shape of the required opening in the diaphragm. 
The flower ?;, for instance, requires the diaphragm represented in 
^^S- 7> by reversing the gradient the image v passes into ?;'. 

Thus we possess the means for arbitrarily producing all stages of 
enhancement, wingedness, reversal, shifting, duplication, ramifica- 
tion of bright or dark spectral lines, and it seems possible faithfully 
to reproduce all phenomena observed in this respect in the spectra of 
sun-spots, faculae, flocculi, or prominences. On Plate VI a number 
of arbitrary distributions of light have been collected. They were all 
produced in sodium vapor of 390° on the average. In on the dark 
dispersion band D, a bright double line is seen, reminding us of the 
spectrum of the calcium flocculi described by Hale. In the same 
negative D, also shows a fine double Hne which, I fear, will be invisible 
in the reproduction. The spectrum t is not unlike that of a promi- 
nence taken with the tangential slit; fc reminds us of certain star 
spectra; etc. The photographs tt, p, a imitate the development of 
a prominence and a sun-spot spectrum: tt represents the spectrum of 
the quiet solar limb with radially placed slit; in /) a prominence 
appears and a spot with phenomena of reversal; cr shows all of this 
in a stronger degree. If now the density-gradient is made to change 
sign, the image first shrinks again to tt, after which it expands to r, in 
a certain sense the inversion of cr. 

The striking spectacle of these phenomena, the gradual changes 
of which admit of perfect control, is only poorly reproduced by the 
photographs. 

Plate VII shows on a slightly larger scale some photographs 
taken in the third spectrum with sodium vapor of only 320°. The 
density of the saturated vapor at this temperature is unknown. If 
the temperature-density-curvc found by Jewctt is extended beyond 
the observations so as to be in harmony with the shape of the better- 
known curve of mercurv, we mav infer that at ^20^ the density will 
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probably be inferior to 0.00000003. The density-gradient produced 
by cooling or heating our tubes must have been of the order of mag- 
nitude o.oooooooi in these experiments. The diaphragm used was 
the same as that which served with B and S'. When taking v and </>, 
the slit 5 occupied the position of the dotted line in the image of the 
opening, Fig. 4; with x the slit was a little to the left; with yjr and (o 
a little to the right. We see from these photographs that the real 
absorption lines of the sodium vapor must have been excessively 
narrow; indeed, it is dubious whether they can be distinguished at 
all and the distribution of the light seems to be wholly governed by 
anomalous dispersion. 

THE RELATION BETWEEN THE CURVATURE OF THE RAYS AND THE 

DENSITY-GRADIENT 

The question arises whether it is probable that circumstances such 
as were realized in our experiments are also met with in nature, or in 
ordinary spectroscopical investigations undertaken with entirely 
different purposes. 

We remark, in the first place, that curiously shaped diaphragm 
openings are not absolutely essential for the production of phenomena 
as those described above. If, for instance, our source of light had a 
constant, say circular, shape; if, on the other hand, the direction and 
magnitude of the density-gradient in our tube had not been so regu- 
lar, but very different in various places of the field reproduced 
by the lens F, then the D lines would also have shown all sorts of 
excrescences, now determined by the configuration of the density 
distribution. 

In the second place, we will try to form some idea of the quanti- 
tative relations. 

The radius of curvature p of the path of the most deviated rays 
occurring in our photographs may be easily estimated from the dis- 
tance d of the diaphragm to the middle of the furnace, the distance x 
of one of the most distant diaphragm openings to the optical axis, 
and thi* length / of the s[)ace in which the incurvation of the rays is 
brou<^ht a])out. For 

p : I = d : .Y . (i) 
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Putting .r = icm, d = 110 cm, / = 27cm, this gives p =3000 cm. 
The average density A of the sodium vapor was in this case about 
one one-thousandth of that of the atmospheric air. 

Let us see how p changes with the density-gradient. We always 

have 

n 

if n represents the local index of refraction of the medium for the 
ray under consideration and W = -r- the change of this index per 

centimeter in the direction of the center of cur\'ature. We have 
approximately for a given kind of light 

n— I _, 

— r — = constant = A , 
A 



From this follows 



ds ds 



J^A + i 



as 

but since for rarefied gases n differs little from unity, even for the 
anomalously dispersed rays which we consider, i?A may be neglected 
with regard to i and we may write 

For every kind of light p is consequently inversely proportional 
to the density-gradient of the vapor in the direction perpendicular to 
that of propagation. 

An estimate of the magnitude of the density-gradient existing, in 
our experiments, between A and B may be obtained in two ways. 
It may be inferred cither from the difference of temperature pro- 
duced, or from formula (2). The temperature difference between i4 
and B would have been pretty easy to determine thermo-electrically; 
up to the present, however, I have had no opportunity to make the 
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necessary arrangement. Besides, the relation between the density dis- 
tribution in the space traversed by the rays, and the temperatures of 
A and 5, cannot be so very simple, since we have to deal, not with 
two parallel planes, but with tubes, from which, moreover, many 
drops of liquid sodium hang. 

The second method at once gives an average value of -77 for the 

tl — I 

space traversed by the rays. It requires a knowledge of ^="~a~ 

for a kind of ray for which in our experiments also p has been 
determined. 

Now, Wood' gives a tabic for the values of n for rays from the 
immediate vicinity of the D lines. These data, however, refer to 
saturated sodium vapor of 644° ; but we may deduce from them the 
values of n for vapor of 390° by means of the table which he gives 
in his paper on page 317. 

For, when we heat from 389° to 508°, the refractive power of the 
vapor (measured by the number of passing interference fringes of 
helium light X = 5875) becomes V =11 times greater, and at further 
heating from 506° to 644° again Y =12.5 times greater (now found 
by interference measurement with light from the mercury line X.= 
5461); hence from 390° to 644° the refractive power increases in 
ratio of i to 11X12.5=137. 

o 

Since now for rays situated at 0.4 Angstrom unit from the D 
lines^ we have n — i =±0.36 (as the average of three values taken 
from Wood's table on page 319), we ought to have with sodium vapor 
at 390° for the same kind of rays 

0-36 
n — 1=~ =0.0026 . 

137 
The density A at 390° is, according to Jewctt, 0.0000016, whence 

,. ;;— I 0.0026 
K = — — -=- - ^ = 1600. 
A o . 00000 1 6 

^ Phil. Mag., (()) 8, 3i(), ii;04. 

» Thi- sjx'i'lnim j", \\\ our plat*.- shows that the I'Xtrcniitics of tlic ])rak> correspond 
pretty well to light of this wave-length; for they a[)])roa(h the D lines to a distance 
whii h (•( rtainly is no more than one-fifteenth of the distance of the D lines which 
amounts to 6 Angstrom units. For these rays the opening of the dia])hragm was 
I cm distant from the «)ptit al axis. 
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Then from formula (2) follows 

<fA I I 



ds Rp 1600X3CXDO 



=0.0000002 



DISPERSION BANDS IN THE SPECTRA OF TERRESTRIAL SOURCES 

It is very probable that, when metals evaporate in the electric arc, 
values of the density-gradient are found in the neighborhood of the 
carbons that are more than a thousand times greater than the feeble 
density-gradient in our tube with rarefied sodium vapor.* 

The radius of curvature will, therefore, in these cases be over a 
thousand times smaller than 30 meters, and so may be no more than 
a few centimeters or even less. A short path through the vapor mass 
is then already sufficient to alter the direction of certain rays very 
perceptibly. 

If now an image of the carbon points is produced on the slit of a 
spectroscope, then this is a pure image only as far as it is formed by 
rays that have been little refracted in the arc, but the rays which 
undergo anomalous dispersion do not contribute to it. Light of this 
latter kind, coming from the crater, may be lacking in the image 
of the crater, and, on the other hand, penetrate the slit between the 
images of the carbon points. Thus, in ordinary spectroscopic obser- 
vations, broadening, not only of absorption lines, but also of emission 
lines, must often to a considerable extent be attributed to anomalous 
dispersion. 

When we bear this in mind, many until now mysterious phenom- 
ena will find a ready explanation. So, for instance, the fact that 
Liveing and Dewar^ saw the sodium lines strongly broadened each 
time when vapor was vividly developed after bringing in fresh mate- 
rial, but saw them become narrower again when the mass came to 
rest, although the density of the vapor did not diminish. If by 
pumping nitrogen into the evaporated space the pressure was gradu- 

' If, for instance, wv put th<* vapor-dcnsity of the metal in the crater, where it 
boils, at o.ooi, the density of the vapor outside the arc at a distance of i cm from 
the crater at o.ooooi, then we have alreaciy an average gradient 5000 times as large 
as that used in our experiments. 

* "On the Reversal of the Lines of Metallic Vapors," Proc. R. S., 27, 132-136; 
28, 367-372, 1878-1879. 



no W. H, JUUUS 

ally increased, the lines remained sharp; but if the pressure was 

suddenly released, they were broadened. All this becomes clear as 

soon as one has recognized in the lines dispersion bands, which must 

be broad when the density of the absorbing vapor is irregular, but 

narrow, even with dense vapor, if only the vapor is evenly spread 

through the space. 

Another instance. According to the investigations of Kayser and 

Runge, the lines belonging to the second secondar}^ series in the 

spectra of magnesium, calcium, cadmium, zinc, mercury, are always 

hazy toward the red and are sharply bordered toward the violet; 

whereas lines belonging to the first secondar}^ series or to other series 

are often distinctly more widened toward the violet. With regard to 

the spectrum of magnesium they say: 

Auffallcnd ist bei mchrcrcn Linicn, die wir nach Roth verbrcitcrt j^efunden 
habcn, dass sic im RowLAND'schen Atlas ganz scharf sind, und dann stets ctwas 
klcinere VVellcnlange halx^n. So halx?n wir 4703.33, Rowland 4703.17; wir 
5528.75, Rowland 5528.62. Unscharfe nach Roth verleitct ja leicht dcr Linic 
grosscre Wellcniange ziizuschrciben; so gross kann abcr ricr Fchler nichi sein, 
dcnn die RowLAXD'sclie Ablesiingliegt ganz ausserhalb des Randes unserer Linie. 
Wir wissen dahcr nicht, wohcr diese DilTcrcnz riihrt.' 

Kayser has later^ given an explanation of this fact, based on a 
combination of reversal with asymmetrical widening; but a more 
probable solution is, in my opinion, obtained when we regard the 
widened serial lines partly as dispersion bands. 

If we assume that, when we proceed from the positive carbon 
point, which emits the brightest light, to the middle of the arc, the 
number of the particles associated with the second secondar}- series 
decreases, then rays coming from the crater, whose wave-length is 
slightly greater than that of the said serial lines, will be cur\*ed so as 
to turn their concave side to the carbon point. Their origin is 
erroneously sup])Osed to be in the prolongation of their final direction, 
so they seem to come from the arc, and we believe we see light emitted 
by the vapor, in which light different wave-lengths occur, all greater 
than the exact wave-length of the serial lines. The observed dis- 
placed lines of the second secondary series are conse([uently com- 
parable to apparent emission lines of the spectrum 7 of Plate V. 

^ K.ay.si'r und Rungr, Uhcr die Spcktreu dcr lilcmoitc, 4, 13. 
3 Kiivscr, I {iiudhuch drr Spcktroskopir, 2, _^06. 
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^': In this explanation things have been represented as if the light of 
these serial lines had to be exclusively attributed to anomalous dis- 
persion. Probably, however, in the majority of cases, emission proper 
will indeed perceptibly contribute to the formation of the line; the 
sharp edge must then appear in the exact place belonging to the 
particular wave-length. 

How can we now explain that lines of other series are dijBfuse at the 
opposite side ? Also this may perhaps be explained as the result of 
anomalous dispersion, if we assume that of the emission centers of 
these other series the density increases when we move away from the 
positive carbon point. In this case, namely, the rays originating in 
the crater, which are concave toward the carbon point and conse- 
quently seem to come from the arc, possess shorter wave-lengths 
than the serial lines; i. e., the serial lines appear widened toward 
the violet. This supposition is not unlikely. For the positive and 
negative atomic ions which, according to Stark's theory, are formed 
in the arc by the impact of negative electronic ions, move in opposite 
directions under the influence of the electric field ; hence the density- 
gradients will have opposite signs for the two kinds. Scries whose 
lines are diffuse toward the red, and series whose lines flow out 
toward the violet, would, according to this conception, belong to, or 
be produced by, ions of opposite signs — a conclusion which at all 
events deserves nearer investigation. 

The examples given may suffice to show that it is necessary system- 
atically to investigate to what extent the already known spectral 
phenomena may be the result of anomalous dispersion. A number 
of cases in which the hitherto neglected principle of ray-cur\'ing has 
undoubtedlv been at the root of the matter arc found in Kavser's 
handbook, 2, 292-298, 304, 306, 348-351, 359-3^1. 3^6. 

DISPERSION BANDS IN THE SPECTRA OF CELESTIAL BODIES 

Since almost any peculiarity in the appearance of spectral lines 
may be explained by anomalous dispersion, if only we are at liberty 
to assume the required density distributions, we must ask, when 
applying this principle to astrophysical phenomena: Can the values 
of the density-gradient for the different absorbing gases in celestial 
bodies really be such that the rays are sufficiently curved to exert 
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such a distinct influence on the distribution of light in the 
spectrum ? 

In former communications' I showed that the sun, for instance, 
may be conceived as a gaseous body, the constituents of which are 
intimately mixed, since all luminous phenomena giving the impres- 
sion as if the substances occurring in the sun were separated, may be 
brought about in such a gaseous mixture by anomalous dispersion. 
We will now try to prove, not only that this may be the case, but that 
it must be so on account of the most likely distribution of density. 

Let us put the density of our atmosphere at the surface of the 
earth at 0.001293. At a height of 1050cm it is sm:;ller by 70,0 oi 
this amount, so that the vertical density gradient is 

0.00120^ 
1050X760 

The horizontal gradients occurring in the vicinity of depressions 
are much smaller; even during storms they are only about one one- 
thousandth of the said value.' Over small distances the density- 
gradient in the atmosphere may of course occasionally be larger, 
through local heating or other causes. 

Similar considerations applied to the sun, mutatis mutandis^ can- 
not, however, lead to a reliable estimate of the density-gradients there 
occurring. A principal reason why this is for the present impossible 
is found in our inadequate knowledge of the magnitude of the influ- 
ence, exerted by radiation- pressure on the distribution of matter in 
the sun. If there were no radiation-pressure, we might presuppose, 
as is always done, that at the level of the photosphere gravitation is 
twenty-eight times as great as on the earth; but it is counteracted by 
radiation-pressure to a degree, dependent on the size of the particles; 
for some particles it may even be entirely abolished. The radial 
density-gradient must, therefore, in any case be much smaller than 
one might be inclined to calculate on the basis of gravitational action 
only. 

I Proc. Roy. Academy Amsterdam^ 2, 575; 4, 195; 5, 162, 589, and 662; 6, 270; 
8, 134, 140, and 323. Astrophysical Journal, 12, 185-200; 15, 28-37; ^^> 50-64; 
21, 271-291. PhysikaUschc Zcitschrift, 4, 85-()o; 132-136; 6, 239-248. A sketch of 
a solar theory, in which refraction and dispersion have been considered, is to be found 
in the Revue gcnerale de sciences, 15, 480-495, 1904. 

' Arrhenius, Lehrbiich der kosmischen Physik, p. 676. 
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Fortunately we possess another means for determining the radial 
density-gradient in the photosphere, at any rate as far as the order of 
magnitude is concerned. According to Schmidt's theory, the photo- 
sphere is nothing but a critical sphere the radius of which is equal to 
the radius of curvature of luminous rays whose path is horizontal at 
a point of its surface. This radius of curvature is consequently 
/> =7X10'° cm, a value which we may introduce into the expression 
for the density-gradient: 

ds Rp' 

The refractive equivalent R for rays that undergo no anomalous 
dispersion varies with diflferent substances, to be sure; but in an 
approximate calculation we may put -R=o.5. Then at the height of 
the critical sphere we shall have 

-7- = =0.20X10""'° , 

ds 0.5X7X10^° ^ . 

(this is 50 times less than the density-gradient in our atmosphere). 
All arguments supporting Schmidt's explanation of the sun's limb are 
at the same time in favor of this estimate of the radial density-gradient 
in the gaseous mixture. It should be obscr\'ed, on the other hand, 
that, when things are considered from other points of view than from 
Schmidt's theory, this density-gradient appears by no means improb- 
ably large. Yet gradients of this order of magnitude will produce 
ray-curving in a degree amply sufficient for giving rise to very con- 
spicuous dispersion phenomena, as we shall see presently. If, there- 
fore, arguments are found for assuming larger density-gradients, our 
explanations will thereby only be corroborated. 

Let us now consider rays that do undergo anomalous dispersion. 
In order that light, the wave-length of which differs but very little 
from that of one of the sodium lines, may seem to come from points 
situated some seconds of arc outside the sun's limb, the radius of 
curvature of such anomalously bent rays need only be slightly smaller 
than 3X10" cm. Let us put, for instance, 

p' = 6Xio*°cm . 

If we further assume that of the kind of light under consideration 

o 

the wave-length is 0.4 Angstrom units greater than that of D,, then 
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for this kind of light i?' = 1600, as may be derived from the observa- 
tions of Wood and of Jewett;' we thus find for the density-gradient 
of the sodium vapor, 

d^' I I 

— = — = =0.0001 Xio""'° , 

ds R'p' 1600X6X10'° o.«x;iAio , 

a quantity 2900 times smaller than the density-gradient of the gaseous 
mixture. 

Hence if only one three-thousandth part of the gaseous mixture 
consists of sodium vapor, then, on account of the assumed radial 
density-gradient of the mixture, the critical sphere (or the photo- 
sphere) will already seem to be surrounded by a "chromosphere" of 
light, this light having a striking resemblance with sodium light. 
This kind of light has, so to say, its own critical sphere which is 
larger than the critical sphere of the light not anomalously refracted. 
If the percentage of sodium were larger, the *' sodium chromosphere" 
would appear higher. 

It is customary to draw conclusions from the size of the chromo- 
spheric and flash crescents, observed during a total eclipse with the 
prismatic camera, as to the height to which various vapors occur in 
the solar atmosphere. According to us, this is an unjustified con- 
clusion. On the other hand, it will be possible to derive from these 
observations data concerning the ratio in which these substances are 
present in the gaseous mixture, provided that the dispersion-curvTS of 
the metallic vapors, at known densities, shall first have been investi- 
gated in the laboratory. 

Until now we have dealt only with the normal radial density- 
gradient. By convection and vortex motion, however, irregularities 
in the density distribution arise, with gradients of various direction 
and magnitude. And since on the sun the resultant of gravitation 
and radiation-pressure is relatively small, there the irregular density- 
gradients may reach values that approach the radial gradient sooner 
than on the earth, or may be occasionally larger. 

The incurvation of the rays in these irregularities must produce 
capriciously shaped sodium prominences, the size of which depends, 
among other causes, on the percentage of sodium vapor in the gaseous 
mixture. 

So the large hydrogen and calcium prominences prove that rela- 

I Sec page 108. 
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tively much hydrogen and calcium vapor is present in the outer parts 
of the sun; but perhaps even an amount of a few per cent, would 
already suffice to account for the phenomena. ' 

If we justly supposed that non-radially directed density-gradients 
are of frequent occurrence in the sun, and there disturb the general 
radial gradient much more than on the earth, then not only rays from 
the marginal region, but also rays from the other parts of the solar 
disk, must sensibly deviate from the straight line. Chiefly concerned 
are, of course, the rays that undergo anomalous dispersion. Every 
absorption line of the solar spectrum must consequently be enveloped in 
a dispersion band. 

To be sure, absorption lines of elements which in the gaseous 
mixture occur only in a highly rarefied condition, present themselves 
as almost sharp lines, since for these substances all density-gradients 
are much smaller than for the chief constituents, and so the curvature 
of the rays from the vicinity of these lines becomes imperceptible. 
Also some lines of strongly represented elements may appear sharp, 
since not all lines of the same element, with given density, cause 
anomalous dispersion in the same degree. Perhaps there are even 
absorption lines which under no condition give rise to this phenome- 
non; though this would be rather improbable from the point of view 
of the theory of light. 

Be this as it may, the limitations mentioned do not invalidate our 
principal conclusion: that the general interpretation of the solar 
spectrum has to be modified. We are obliged to see in Fraunhofer's 
lines not only absorption lines, as KirchhofT does, but chiefly disper- 
sion bands (or dispersion lines). And that refraction has a {)rcpon- 
derant influence also on the distribution of light in stellar spectra 
cannot be doubled cither. 

We must become familiar with the idea that in the neighborhood 
of the celestial bodies the rays of light are in general curved, and that 
consequently the whole interstellar space is filled with nonhomo- 
geneous radiation fields'" of (litTcrent structure for the various kinds of 
light. 

* This R'sult would Ix* in arcordanic with a hvpotht-sis of Scliniidt {Physikulische 
Zeitschrijt, 4, 232 and 341), according to which the chirf constituent of the solar 
atmosphere would be a very light gas, until now unknown. 

* "Das ungleichmiissige Strahlungsfeid und dii' Disptrsionsbanden," Physika- 
lische Zeitschrijt, 6, 23Q-24tS, r(;05. 



STUDIES IN SENSITOMETRY I. 

THE DAYLIGHT SENSITOMETRY OF PHOTOGRAPHIC PLATES, 
AND A SUGGESTED STANDARD DISPERSION-PIECE 

By ROBERT JAMES WALLACE 
INTRODUCTORY 

The universal adaptation of the modern dry plate, and the varying 
demands which are made upon its service, have resulted in an increase 
of knowledge relative to the imperfections of the photographic plate 
as a means of recording anything save the actual form of the object 
photographed. In many cases even that is doubtful. These imper- 
fections have compelled the 'testing" of the various plates by many 
individuals, the object of such tests being principally the determina- 
tion of the relative color-sensitiveness and comparative speed. 

Many methods have been suggested for this purpose, the enumera- 
tion of which needs find no place here. It is sufficient to say that 
methods depending for their results upon the use of colored glasses 
and pigments are now generally recogni/.ed as incomplete, and as 
leading to erroneous conclusions where the work is in any degree 
quantitative. What one desires to know is the sensitiveness of the 
plate to pure color, not admixture, because, if one knows this sensi- 
tiveness, it is a comparatively easy matter to calculate the action of 
mixtures. For example, a patch of red-pigment-stained paper may 
be photographed, and a strong impression of the same developed upon 
a plate; but it does not follow that, because such an impression is 
obtained, the plate is "red-sensitive.'^ For although the patch 
reflects red, it also, in less degree, reflects all other hues of the spec- 
trum; and the developed impression is just as likely to be due to the 
combined action of such other hues, as to the red, when we take into 
consideration the fact that the plate is relatively many times more 
sensitive to those hues which are secondare in reflection. 

Discarding these various makeshifts, a great number of photo- 
graphic workers have of late acquired various forms and types of 
spectroscopes, and have literally flooded the journals devoted to that 

n6 
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subject with all sorts and conditions of spectra. This, while to be 
welcomed as a move in the right direction, is yet liable to give rise to 
many very grave errors in interpretation. The gravity of these errors 
has been commented upon by sundry writers at various times, and a 
brief notice was given to the subject by the present writer in a former 
paper.' It may, however, contribute to the clearness of this whole 
subject if such errors are described here at somewhat greater length. 

The possession of a *' spectroscope" does not imply results of value 
unless its possessor understands his instrument, and is acquainted 
with the laws of light and color. Much excellent material is readily 
available, and there is little excuse for the heterogeneous results 
which are unhappily so common in photography, in which almost 
every worker appears to be a law unto himself. 

The three constants which govern the definition of color are hue, 
purity, and luminosity. By *^hue" is meant what is ordinarily 
termed "color;" for when we speak of an object as having such and 
such a color, we are referring to its hue. The next constant, purity, 
concerns the admixture of the color with other colors, or with white 
light ; while luminosity refers to the brightness of the hue under con- 
sideration. Of these three constants the photographic plate is chiefly 
concerned with the last. 

The entire value of the spectrum for this class of investigative 
work lies in the fact that in it we obtain a standard of pure color, 
from the verdict of which there is no appeal, and to which everything 
colored must inevitably be referred. But there are many widely 
different forms of spectroscopes available, from the small direct- 
vision prismatic instruments to the concave diffraction grating, each 
of which has its own particular value for different lines of work, but 
which are, generally speaking, ill suited for sensitometric work in 
pure photography. 

PRISMATIC AND DIFFRACTION SPECTRA 

First dividing the subject into its two great classes of i)rismatic 
and diffraction spectra, let us consider each separately. In the first 
instance we are dealing with a spectrum formed by the passage of 
light through a prism (or prisms), as the name implies. In the 

^ Astro physical Journal, 22, 153, 1905, and 24, 2()'i^, igo6. 
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direct-vision instrument, of which the Browning may be taken as a 
type, we have an element of dense flint glass combined with an element 
of crown glass. In instruments of angular deviation type, we have 
generally an element of flint glass alone, used on account of the 
greater dispersion obtainable from a glass of comparatively high 
refractive index. In all prismatic spectra the error arising from 
irrationality is the most readily noticeable. The abnormality in the 
hues by reason of the unequal distribution of intensity (luminosity) 
is not so apparent, however, although rendering the results by one 
prism not comparable with those from another. A very serious 
cause of error lies in the fact that the absorption of the glass 
composing the prism has a strong influence upon the results; gener- 
ally speaking, the higher the refractive index of the glass employed, 
the greater the absorption. Again, two prisms of identical refractive 
index may give photographic results diametrically opposite to each 
other, because of varying absorption in the prisms themselves, aside 
from density; for example, two prisms could have identical refractive 
indices, and yet one be composed of colorless glass, while the other 
was composed of gray or blue glass. 

CONVERSION FORMULAE 

Various formulae have been advanced from time to time, designed 
to bring those discordant results into harmony with one another; 
but unfortunately they do not satisfy the conditions demanded in 
quantitative plate-testing. They are all principally concerned with 
the dispersion of the spectrum, and not with its relative luminosity. 
What one wants to know is not merely whether or not a plate is sensi- 
tive to red, but in what degree that sensitiveness exists. All plates 
are sensitive to the least refrangible hues, if they get sufilcient exposure, 
but that j)late which requires relatively the shortest exposure, other 
things being equal, is the best plate for work in that region; or, in 
other words, that plate which will show the greatest extent of the 
spectrum with normal exposure is the best plate for all round 
work. 

The formula most commonly in use l)y photographic workers is 

m---n^ where t2= prismatic dispersion, /; = normal dispersion, m = 
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density of prismatic spectrum, and n= density of normal spectrum; 
htnct am =bn. 

In order that we may clearly understand the value of this formula, 
measurement was made of the prismatic spectrum (m^) = i .6994) shown 
in Fig. la (Plate VIII) and its curve plotted in the usual manner (Fig. 
2). A wave-length scale being then prepared, this curv^e was reduced 
by means of the above formula, the result of which is shown in Fig. 3, a. 
On the same scale are plotted the measurements from a spectrum 
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negative obtained by a replica-gniting upon a similar plate, the value 
of whose region of highest density was practically identical with that 
of the reconstructed curve of the prismatic spectrum. The woeful 
lack of agreement is strongly in evidence. Not only is the recon- 
structed curve deficient in the ultra-violet, but the m^wimum of sensi- 
tiveness is seen to be shifted bodilv toward the red end. Further 
words are unnecessary on this point. What is wanted is a formula 
which will take into consideration the loss in luminosity by a]:)sorption 
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and the shift due to density of the material used in the construction 
of the prism. ^ 

REFLECTION DIFFRACTION GRATING 

Turning now to diffraction spectra, it is well known that the specu- 
lum metal on which the original grating is ruled possesses in itself a 
selective absorption which again varies with different "meltings," 
and which influences the distribution of color-intensity throughout 
the spectrum. As the grating ages it becomes tarnished by exposure 
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to the air and the various fumes of the laboratory, and this tarnish 
is in itself a strong factor in unequal color distribution. Again, the 
nature of the groove made by the cutting diamond not only deter- 
mines the distribution of spectral intensity, but influences also the 
luminosity of the individual hue, amounting in exceptional cases 
even to abnormality, so that the spectra of no two gratings are defi- 

I A scare h for a tonmila fullilliiig ihc n'(|uirc'mc'nt.s sjH-citK'd is now in progress 
with ])r()sy)({t of a su( rcssful result. 
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nitely comparable one with the other, in so far as spectral luminosity 
is concerned. 

REPLICA-GRATING 

It may be objected that several of the complaints just cited do not 
amount to much in practical photographic sensitometry. Granted 
that this is so, they are disadvantages and have beea treated as such. 
Not all have been mentioned, however, but merely those which can be 
remedied by the adoption of the replica-grating as a standard dispersion- 
piece jar investigative work in sensitometry, when used without the 
addition of a prism. 

Inasmuch as anything is a '* standard" if we know what it is, we 
may begin first with the material of which the replica-grating is 
manufactured. We have a definite compound, collodion, resulting 
from the mixture of amyl acetate and pyroxylin, which is always 
prepared in the same way. The replicas themselves are composed 
of the same amount of solution, dried under similar conditions, and 
give a film of the same thickness. These replicas are made from 
the same original, and are therefore practically identical, while the 
grating from which they are made gives a fairly even distribution of 
light throughout the various orders. These films are mounted upon 
glass of similar thickness, quality, absorption, and refractive index. 

There is no possibility of surface oxidation of the replica, nor does 
selective absorption enter into the account' for all the methods 
necessary to a complete test of photographic plates. 

Inasmuch as the distribution of intensity is greatly dependent 
upon the shape of the groove made by the cutting diamond, it may be 
argued that equally minute diilerences in the grooves of the replica- 
grating would have the same efTect. While this is undoubtedly true, 
yet, as a matter of fact, such differences, although looked for, have 
not yet been detected. In a spectro-photometric examination of a 
number of replicas, all made from the same original, at different 
times throughout the course of five years, which had been pre] )a red 
under temperatures varying -dhoni S"" C, the resuhs were gratifyingly 
exact. The method of manufacture, however, would indicate such 
results, when we consider that the shrinkage in the drying would be 

^ Astro physical Journal y 22, i2(j, 1(^05. 
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identical, provided the conditions and materials were similar. Obvi- 
ously the same argument applies to the method of mounting. 

While it is not claimed that the replica-grating is perfectly suited 
for all classes of work, yet it is believed that its adoption in sensi- 
tometry would avoid the great lack of accord between the results of 
one worker in photography and that of another, with the unprofitable 
discussion which inevitably ensues. 

After many experiments, and consultation with authoritative 
scientists, the writer offers this form of grating to the photographic 
investigator for adoption as a standard dispersion-piece in sensi- 
tometry, in the hope of establishing uniformity in photographic 
results. In order, furthermore, that this standard may be dissemi- 
nated widely and be of universal application, the writer has decided 
to present to each known investigator in photography of any nation- 
ality, who may apply, one of these standard replicas of a size suited 
to his needs. 

It may be argued that no replica-grating can be compared in defin- 
ing power with an original ruling. Argument upon this point is 
unnecessary, inasmuch as what is wanted for photographic investi- 
gation is not critical definition of spectral lines, but the correct 
definition of spectral hues. In most of the negatives the Fraun- 
hofer lines are purposely obliterated, because they interfere with the 
measurement. It is, however, now a matter of common knowledge 
that good-quality replica-gratings leave little, if anything, to be 
desired on the score of definition, and, except for the spectroscopy 
of position, even those of secondar}^ quality define jar in excess of the 
requirements of the work in hand. 

REPLICA GRATING SPECTROGRAPH 

The form of spectrograph suggested for use with the replica has 
been modeled along lines somewhat similar to an instrument devised 
by Baker,' but possesses several modifications. Its plan may be 
easily understood by reference to the drawing (Fig. 4). Simplicity 
combined with rigidity was the princi[)al aim in the construction of 
the instrument. Lenses of greater focal length could l)e used for the 
formation of a longer s])ectrum without any difference ensuing save 

' Jour)iiil Royal Photoj^riiphii Society, 46, lOi, i()cY). 
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in the length of exposure time, but the dimensions of the instrument 
would thereby be increased. With the specifications given the spec- 
trum measures 6.2 cm from \6900 to ^-3550 (B-N), which is of 
good measurable length. For special examination of the red and 
infra-red end a narrow brass wedge-frame is inserted at A^j which 
changes the angle of the collimator and brings the C line (\ 6563) 
in the center of the plate. To enter here into a discussion of the 
resolving power of the instrument is unnecessary when we take into 
consideration the work for which it is intended. The spectrograph 
may, if furnished with slit and lenses of good quality, be used for a 
very high grade of spectroscopic work. For visual observ^ation an 
eyepiece can be held by means of an adapter at the plane of the 
plate. 

The spectrograph should occupy a definite permanent jx)sition in 
the laboratory, with the collimator pointing to the northern sky 
always at the same angle. This latter point is provided for in the 
construction of the instrument. The width of the slit should remain 
constant, and all the light reaching it should pass through thin milk 
glass or other diffusing medium, free from selective absorption. 
Exposures for the determination of selective sensitiveness should 
not be made unless the altitude of the sun is greater than 15°. The 
length of exposure which constitutes the beginning of the series varies 
with the speed of the plate — i. c., longer with a ''slow" than with a 
" fast " plate. In the case of the Seed " 27 " plate (as indicative of fast 
plates) the exposures found most suitable run as follows: 2, 5, 15, 30, 
60 seconds, 2, 4, 8 minutes; these eight exposures, together with two 
others yet to be described, occupying the entire 3JX4J plate. With 
a *'slow" plate the first two exposures are omitted. Obviously it 
would not be advisable to adhere closely to those times when using 
sky light under extreme meteorological conditions such as exception- 
ally bright on one day and raining on the next. 

PHOTOMETER 

It may be proper at this place to consider the instrument con- 
structed for the measurement of photographic densities. 

A very complete bii)liography and discussion relative to photom- 
eters suited to this chiss of work are given by Mces and Sheppard 
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in their paper " Sensitometric Investigations."^ Following this, the 
writer had constructed a Hiifner spectrophotometer; but, after 
experimenting some considerable time with this form of instrument, 
it was discarded in favor of a modified Brace prism instrument, as 
the permanent line dividing the two fields under comparison was 
found very objectionable, and prevented a match of as high a degree 
of accuracy as if the shades actually adjoined one another. 
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Fig. 5 

In Brace's original instrument* measurement of difTcring intensi- 
ties is made by varying the slit-width on one of the collimators, the 
readings taken being in terms of the screw-pitch (or slit- width), the 
optical value of which may be obtained by interpolation u{X)n a scale 
derived from a previous calibration by means of a rotating sector- 
disk. In order to make the instrument more particularly suitable 
for the measurement of photographic i)latcs, a number of changes 
and additions were made, which will now be described. 

Immediately in front of, and in contact with, one of the collimator 
slits i4 (Fig. 5), a Xicol prism A^, was mounted; while in front of that, 
and in line with its axis, a supj)lementary collimator .4 , is carried by a 

« Journal Royal Photographic Society, 44, 200. 1(^04. 

2 D. B. Brace, "On a Xrw System for Spv-ctral Photormtric Work," AstropJiysical 
Journal^ ii» 6, 1900. 
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rigid supporting-piece. Collimator B was also furnished with a 
supplementary collimator jB^, the function of each being the delivery 
of a beam of parallel light to their respective slits S 5,. 

An analyzing Nicol N^ is carried in the telescope tube T (which 
has been lengthened in order that the rectangular diaphragm in front 
of the objective O might be in distinct focus). The angle of rotation 
of the analyzer is read upon the graduated circle C Beyond each 
of the two collimators A^ B^ two mirrors M M, are fed from 150 c. p. 
incandescent lamp at L. 

The plate whose opacity is to be measured is held in a special 
carrier D between collimators B B^j where, by means of a sliding- 
piece, the differing opacities arc brought successively into position 
in front of the bilateral slit. 

The dispersion-piece employed is the now well-known Brace ])rism 
P, which is made up of two equal 30° Hint prisms of refractive index 
1.64822 for D, and carries on one of its inner surfaces a deposited 
silver strip 5 mm in width, the two prisms being cemented together.' 
When first constructed, this cementing medium was alpha-bromo- 
naphthalin, which possesses a refnictive index very close to that of the 
glass used. Constant trouble was, however, experienced on account 
of the volatile niture of this medium and the dilTicultv of sealinor it in 
and eventually the prism was taken apart and recemented with Canada 
balsam. On account of the ditTcrence between the refractive index 
of the balsam and that of the glass, there is always present a small 
amount of reflected light; but as this light is proy)ortional to the 
intensity of the incident light, it introduces no error in the readings 
worthv of anv consideration, and is visible onlv vvhen measurinpj verv 
low densities.^ 

In adjusting the instrument for use, the prism table is raised until 
the beam from colli mater B passes slightly below the center of the 
prism, and the field presented when viewed through the observation 
tube T (which carries no eye-lens, being j)ierced only with a 2 . 5 mm 

' This prism was ground atul polislu-d by Mr. ( ). L. Pi-til(ii<lifr, of Chicago, to 
whom llianks an- due for ils (jplic al ('xctllrnci'. 

^ Kxp.-rimcnts arc al ])n >cnt under way toward the adjustment of a balsam or 
?ion-\'olatilr ct^mcnlinj^ mcthum of similar n-frat tiw index to the glass employed in 
the pri>m. 
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circular opening) is an illuminated rectangle, which is of even bright- 
ness throughout (A, Fig. 6), when all adjustments are made, and the 
light is equally intense from either collimator. Should one beam'be 
possessed of greater intensity, 
the field will show^ two squares 
of differing brightness (B, Fig. 
6). This arrangement has 
been found more satisfactory 
in practice than that usually 
employed, viz., when the light enters the prism centrally and the field 
is shown crossed by the image of the silver strip, as in C, Fig. 6.' 

When beginning a series of measures upon photographic plates, 
the slits on their respective collimators are first opened to approxi- 
mately the same width, the greatest opacity in the plate to be meas- 
ured is run into position, and a rough trial match is made, the object 
simply being the assurance of sufficient slit-width to give light enough 
for the lowest measure without running too close to the extinction 
point (zero). In practice it is not deemed advisable to read 
an opacity requiring a smaller mean angular measure than 2?o 
(= approximately 3.0 units of Hurter and Driffield). 

The mirrors are carefully adjusted to reflect their light centrally 
through each collimator. Then, while the eye observ^cs the interface 
of the prism through the telescope tube, and with the analyzer set 
at 90°, slit S is altered slightly in width until an exact match is obtained 
between the two halves of the field, which is indicated by the abso- 
lute disappearance 0} the dividing line. From now on until the 
measurement of the plate is completed, neither slits, light, nor mir- 
rors should be moved or altered. 

The varying opacities are now slid successively into position in 
front of slit 5^, and the analyzer rotated until a match with each is 
secured. As the zero of the analyzer circle indicates the point of 
extinction, the formula for the expression of the luminous intensity 
is sin* ^, where ^=the angle of the analyzer, while the degree of 

» It would probably serw the purpose better if the silver strip covered tlie entire 
lower (or upper) half of the interface. The beam of parallel light from tlii" collima- 
tors could then pass centrally through tlie prism, and the single dividing line would 
fall in the center of the I'leld of view. 
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blackening when represented in Hurler and Driffield density units 
=A log sin' from the '* fog value. "' In practice, readings made from 
both sides of the extinction point furnish a mean which eliminates 
any error due to the false position of the zero. 

The method of recording the measures obtained is shown in Table 
I, which presents the density measurements of Plate 2 ^^ lower *^ 
(see page 137). 

TABLE I 



Xo. 



Angle 



Lbovc 



Fog. 
I . . . 

2. . . 



Below 



76. 
66. 



3 
4 

5- 
6. 

7- 
8. 



42 

20 

15 

12. 7 



5 
o 

o 

5 
I 

6 

5 



72.8 

67 
54 
43 

35 

28 



23 
18 

15 
12 



5 

5 

I 

o 
o 

5 
6 

8 



Mean 


Log Sin» 


t 

A Log Sin» 
(—Density) 


74.8 


9.9691 




66.8 


9.9268 


0.0423 


55-3 


9.8299 


•1392 


42.8 


9 . 6644 


•3047 


33-8 


9 . 4906 


•4785 


26.6 


9.3220 


.6671 


21.8 


9.1396 


.8295 


17.0 


8.9318 


J -0373 


14.2 


8.7794 


i.i8(;7 


1 1 . 4 


8.5918 


1-3773 



As an example of the agreement in the measures of different 
observers a large number of settings were made by Messrs. Park- 
hurst and Jordan and the writer, upon the same opacities, A, B, the 
results of which are given in Table II. 



TABLE II 



Mkan Angul.ar Measurks Log Sjn' 5 ( = De.vsity) 
()hsf.r\f.r 

A I B A K 

I 

J 14^05 <j'?205 8.7674 8.4076 

P '3-93 9- 250 8.7()42 8.4122 

W 14 05 9.220 8 7674 8.40c;o 

(Mean of 12 settings for earh value) I)ilTtTcnrc; Density A= .0032 

Probable error of averaj^e ± .0009 Density H = .0046 

It is well known that in visual photometry the position of the star 
relative to the comparison light exercises an inlluence upon the 
measures, and for this reason it was deemed advisable to test the 

' A table was construe ted giving the value of log sin^ from o'^ to ()o° in tenths of a 
degree, thus enabling raj)i(l work. 
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match obtained in the spectro-photometer with reference to the 
vertical and horizontal positions. As it was not practical to arrange 
the instrument to show the two squares in a horizontal plane, all 
measures were made by alteration in the position of the observer. 
Professor Barnard and Mr. Parkhurst kindly made the necessary 
settings, and from a mean of ten in each position, for each observer, 
the net result obtained was not above the error of observation. The 
instrument may therefore be regarded as free from error in this 
regard. 

In using the instrument as a spectrometer, special fronts have been 
constructed for holding color-cells, etc., while the records are made 
from readings on the divided circle X, which is carefully graduated 
on silver, and reads with tw^o verniers direct to 20". The prism- 
table is also graduated. Collimators A and jB, together with the 
observing telescope T, rotate around the optical center of the instru- 
ment and are furnished with clamping screws. T and B ere also 
equipped with tangent slow-motion screws for delicate adjustments. 
It is, however, not advisable to disarrange the instrument when set 
up and adjusted for photometry, but to make use instead of separate 
instruments for different lines of w^ork. The aperture is 25 mm. 
with a focal length of 200 mm. Plate IX is made from a photograph 
of the completed instrument.' 

Another important point regarding this instrument is the ability 
to displace the tw^o spectra horizontally relative to each other, so that 
the red of one spectrum is in juxtaposition with any hue in the other 
by movement of the single slow-motion screw shown at A, Plate IX, 
while direct measurement may be made in any region of the matched 
spectra by movement of the slow-motion screw B. 

The spectrophotometer as just described was constructed for 
various lines of work requiring critical measurement, but such an 
instrument is by no means essential. The extremely simple and 
ingenious arrangement devised by Pfund^ should be well able to 
meet all of the requirements in ordinary density measures. 

' Originally the photometer was a three-arm spectroscope constructed by (iaert- 
ner, of Chicago, with his usual skill. The alterations necessary to convert it into 
its present form were made by the writer in the instrument shop of the observatory'. 

^ Johns Hopkins University Circiilur, 4, 20, 1Q06. 
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INFLUENCE OF LIGHT IN SENSITOMETRY 

The next point in order of importance is the nature of the light 
used for the determination of selective spectral sensitiveness, and 
upon this point there seems to be as great a diversity in modem 
usage as there is in the spectroscope employed. It is conceded on 
ever)' hand that daylight is the illuminant par excellence, but the 
impossibility of obtaining such light, constant in intensity and qual- 
ity, has led to the substitution of almost every known source of 
illumination. 

If the question were one which concerned only the integrated lumi- 
nosity, the difTicultics could be much more readily overcome. But 
unfortunately the distribution of spectral intensity is a more potent 
factor. One has but to compare the spectra of the various sources, 
even roughly, to find that they present no agreement among them- 
selves. Some are deficient in the red rays, while others are deficient 
in the violet (Plate VIII). 

In the comparison of the acetylene flame (a), the spectroscope 
was arranged with a Htifner-Albrecht rhomb immediately in front 
of and in contact with the slit-jaws. One of the rhomb surfaces was 
illuminated by a beam of diffused daylight, while the remaining inci- 
dent surface received a beam from the diaphragmed acetylene flame. 
The distance of the burner from the slit was altered until the spectra 
appeared visually equal in the green. Exposures were then made 
upon a Cramer isochromatic plate for varying lengths of time, the 
daylight and acetylene spectra impressing themselves simultaneously. 

In the comparison of the candle (ft), benzine (r), and Mg (d) 
flames, and the incandescent electric light (e), the replica -grating 
spectrograph was used without the rhomb, daylight exposures being 
made at the beginning and end of each series. 

The great lack of ultra-violet in a, even with extreme overexpo- 
sure, is readily observed, together with the strong action of the yellow- 
green, which with a suitable plate would be shown as extending with 
increasing action into the red. In (/ this effect is reversed, and the 
maximum action is shown to lie in the ultra-violet (as is also the case 
in the use of the electric Lire-light); b and c are ver}^ similar to each 
other, and show the characteristic drop in the ultra-violet, with the 
corresponding increase at the red end. 
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Notwithstanding that this is a point to which many workers have 
directed attention, yet unfortunately in the majority of cases those 
same workers continue their use and publish spectral comparisons of 
plates made with the same light-source which they condemn, and 
for which they give no correction factor. It is obvious that the 
relative selective sensitiveness of two plates determined by a light 
vastly different from daylight cannot furnish any reliable quantitative 
information regarding the true values of the plates, unless the arti- 
ficial light be accurately calibrated in terms of daylight (by photo- 
graphic means), and a formula derived from such calibration which 
may be used as a correction factor. 

Efforts have been made to calibrate a light to the spectral value 
of daylight, and though several approximations have been arrived at, 
yet we are still far from a satisfactory conclusion. The latest and 
best work in this direction is due to Mees and Sheppard,' who have 
suggested as a standard, acetylene gas, burning under constant 
pressure, and with special care as to its purification, etc., to insure 
constancy in the luminous intensity. This latter point presents no 
especial difficulty. Inasmuch as the flame of acetylene gas is greatly 
deficient in the violet end of the spectrum, they devised a compensat- 
ing color-filter to correct this deficiency, whose action may be briefly 
explained by stating that it was intended to absorb proportionately the 
excess from the least refrangible end of the spectrum. While this 
combination was undoubtedly an improvement, yet it was by no means 
satisfactory, and that this was recognized by these careful investigators 
themselves is proved by the introduction of still another make of 
filter in a later publication.^ This latter filter can, however, still be 
considered as no more than an approximation, which is indeed what 
these workers themselves term it.^ 

There are, however, numerous opportunities for the use of a 
standard artificial light, in which the difference in spectral distribu- 
tion from daylight does not enter greatly into consideration, and for 
such the acetylene ** standard*' of Mees and Sheppard offers decided 

» Journal Royal Photographic Society, 44, 29.^, Nov. k^o^. 

a Ihid.^ 46, 1 14, 1906. 

3 British Journal of Photography, 53, 707, 1006. 



132 ROBERT JAMES WALLACE 

advantages. The writer has made use of a somewhat similar arrange- 
ment with most satisfactory and encouraging results. 

The question now is: Does an approximation so arrived at ofiFer 
any advantages over diffused daylight, if used under certain condi- 
tions, when applied to the determination of selective sensitiveness? 
Briefly, I hope to show that it does not. 

DAYLIGHT (VARIATION IN COLOR) 

It has been many times stated that daylight was utterly unsuited 
for sensitometric tests, because of (i) the difference in the intensity of 
the various hues as the slit is illuminated by white cloud or blue sky, 
and (2) the variation in general brightness-intensity. Experiments 
were made to determine the actual difference in the first instance, by 
using the replica-grating spectrograph as just specified. The instru- 
ment was so arranged that the axial line of the collimator pointed 
directly to the zenith. Immediately over it w^as held a Zeiss a[)ochro- 
matic lens of 314 mm (12.4 in.) focal length, which formed an 
image of the cloud upon the slit-plate. Several exposures were made 
on different dates, and on various makes of plates, only such days 
being chosen as presented well-defmed cumulus clouds in a clear and 
intensely blue sky. Care was taken that the slit was entirely filled 
with the cloud-light or blue sky, as the occasion demanded and 
exposures were made to immediately follow one another, the exposure 
times being from 5 seconds to \\ minutes, and on the same plate 

The results were exceedingly interesting, the negatives from the 
blue sky showing, as was to be expected, an absorption of the comple- 
mentary hues at the least refrangible end. This absorption was, how- 
ever, but slight in general. Those negatives whose timing showed the 
greatest contrast-difference were selected for measurement, together 
with a plate exposed to the spectrum from the same sky, but with 
the lens removed and a sheet of ground glass interposed in its place. 

Density measurement of these negatives gives the results as 
detailed m Table 111. 

When plotted, these results give the curves of Fig. 7. 

It will be noted that the ditTerence between the secondarv maxima 
in the yellow-green, when exi)ressed in density, =0.11, and this 
amount would be still further reduced if the ''blue sky" negative had 
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TABLE III 



Wave-Length 



3640, 
3760, 
3880, 
4120. 

4370 
4780. 

5020. 
5220. 
5410. 
5570. 

5730- 
5940. 



Dknsity 



(Blue Sky) 



0.1750 

■4536 

. 7106 

I . 2124 

I .0702 

0.4592 

. 1172 

.1218 

• 1636 

.0952 

.0494 

.0382 



(White Cloud) 



0.2122 

•3956 

. 6498 

I . 2638 

I . i486 

0.4992 

.2234 

. 2012 

•2739 
. 2619 

. 1261 

.0676 



(Ground Glass) 



0-5731 
.8401 

I . 1 1 2 I 

I. 2861 

I. 2182 

O . 5 1 1 2 

.2194 

.1896 

. 2400 

. 2109 

•1253 

.0666 



been exposed for a slightly greater length of time. The strong absorp- 
tion in the ultra-violet from ^. 3400 to ^. 3700 in the *' cloud" and 
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4700 



4300 



3()00 



3500 



"sky" negatives is, of course, due to reflection and absorption by 
the component parts of the lens-system. On the other hand, a 
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change in altitude of the obsen-er would show a still greater difference, 
the " blue " of the sky becoming more intense as the altitude increased, 
and necessitating an increase in the exposure time. 

Comparison of these results, together with comparison of exposures 
made when the collimator formed an angle of 25° w^ith the plane of 
the horizon (which of course showed considerably less difference), 
indicates that daylight from a low angle, when properly diffused, is a 
sufficiently reliable guide for practical tests in selective sensitiveness. 
The second objection will be dealt with presently. 

HURTER AND DRIFFIELD'S INVESTIGATIONS 

To correctly understand and appreciate the argument advanced 
for the use of daylight as a standard in plate-testing necessitates a 
fairly clear understanding of the work of Hurter and Driffield, whose 
"Photo-chemical Investigations"' first raised photography from mere 
rule-of-thumb practice, and placed it upon a definite basis of scien- 
tific fact. They discovered and enunciated the laws governing the 
action of light and development, and furnished a tcrminolog}' which 
is not likely to be supi)lanted. Unfortunately, for some unknown 
reason the important results of these eminent workers are but little 
known in America, and one may therefore be pardoned for briefly 
ca])itulating those points which bear directly upon the present paper. 

The first great distinction made by them is in the definition of the 
terms "opacity" and "density," which are in ordinary use, synono- 
mous. Opacity is defined as representing merely the optical property 
of the reduced silver in the negative to impede the passage of light; 
transparency is therefore the inverse of this. Density, on the other 
hand, is a i)hysical measure of the amount of silver reduced in the 
film, and is ex])resscd as the logarithm of the o])acity, thus 

where /-=the intensity of the light transmitted, 7j=the intensity of 
the incidt-nt lii^ht, and 0=the opacity. This distinction between 
opacity anrl density must be firmly fixed in the mind. 

If a j)late be inijjressed with a scrits of different accurate exposures 

^ Jour. Soc. 0/ C'hnn. Ifuhiylrw Mav 31, iS(jo. 
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increasing in geometrical progression, as i, 2,* 4, 8 .... 256, and 
developed, and the resulting scale of opacities be measured, it will be 
found, that if the logarithms of these opacities are plotted (densities), 
there will result a characteristic curve. The central portion of this 
is practically a straight line, and throughout this straight portion the 
deposits of reduced silver (blackening) will increase in arithmetrical 
progression, as i, 2, 3, 4, .... 9; that is, there is a definite loga- 
rithmic relationship between the amount of light acting and the action 
itself. The density unit is the density of a deposit which transmits 
the tenth part of the incident light. 

The enunciation of the law of "constant density ratios^' provoked 
considerable controversy from photographic workers in general; 
but, while the investigators' conclusions were disputed, they advanced 
to the support of their statements definite scientific proofs which con- 
firmed them. It was found that the relation existing between the 
amount of light and the density-ratios is fixed and unalterable by the 
constitution of the developer, or time of development; the opacity 
ratios are, however, altered. For example, suppose that a plate 
exposed to light for a definite length of lime behind a revolving 
sector-disk with graduated apertures be cut into two portions, and each 
portion be then developed for a different length of time, we should 
obtain as a result negatives which differed greatly in their appearance 
one from another; that is, that one which had received the shortest 
time of development would be what is termed a *'thin" negative, 
while that receiving the longest time of development would be what 
is usually termed "contrasty.'* Yet the ratio existing between the 
densities would be identical, although the opacity-ratio varied, the 
increase in development causing the various densities to grow, but 
in such a manner that they would still bear the same ratio to one 
another. When the op.icity-ratio is the same as the ratio of exposure, 
the negative is the true inverse of the original. The determination 
of the characteristic curve shows that a plate has considerable "lati- 
tude" in exposure,^ so that negatives develoj)ed together which had 
received greatly different exposures would yield identical prints, 
provided that the exposures lie within the straight portion of the curve. 

* "Latitude" is defined as thi- ratio of ih.- r\|)<».sur(' at whii h ovcr-oxjMJ^urc ( oni- 
mcnces to that at which uiKkTixposun- lonimcnu-s. 
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On the other hand-, in the case of two negatives developed for a 
precisely similar length of time, but with one exposure double that of 
the other, we have the opacity-ratios constant, while the densities 
var}\ In other words, the extra exposure simply means the addition 
of an equal amount of deposit on the varying densities composing the 
negative, and merely affects the time required in printing. To such 
an extent is it possible to vary the exposure time (with constant devel- 
opment) that increasing exposures of from one to sixteen times normal 
will produce identical prints, the only real difference between them 
being the time occupied in printing. The negatives, however, appear 
vastly different from one another. This fact was exceedingly well 
illustrated recently in a photographic magazine.' 

VARIATION OF MEAN INTENSITY IN DAYLIGHT 

With this explanation we may now consider the second objection 
to the use of daylight, namely, the variation in the mean intensity. 
It will readily be perceived that this intensity-variation of course 
amounts to nothing more than an alteration in the length of exposure, 
and therefore comes under the jurisdiction of the law expressed in 
the preceding paragraph. In order, not only to test the validity of 
the law, but also to obtain a personal measurement of the photographic 
light-change during the course of a few hours, the following exposures 
were made with the revolving sector-disk,' under conditions as 
specified. The record detailed in Table IV is from the laboratory 
notebook. 

All four plates were developed together in the same tray with 
rodinal i : 24, for two minutes, at a temperature of 17° C, and, when 
fixed and dried, were carefully measured, and the densities plotted. 
The resulting curves are shown in Fig. 8, and it will be readily seen 
that they bear out very exactly the theoretical requirement that they 
lie ])arallel to one another. Their density-ratios vary, but their 

^ V. Dundas Todd, " Di'vilojtmcnt, Sc iiiitifu and Prarlical," Photo-Beacon^ l6, 

300. i(j04. 

•' Tlic srrtor-(li->k ('\jm)>ur' machine \vas lonstrut ti-d sonu'Nvhat similar to the 
arran^.-mcnt of Mcis and Shcppard [Journal Royal Photographic Society, July i, 
1004, i». 22ii), hut liUfd with a rcmovalilc ( a]» ])i(n <'d with a 40 mm cinuhir a])erturc 
and ( ovcn-d with ground ,^las^ for use with da\lii^hl. Whm working with the con- 
slanl a( ctyhnc lighl, llie ia|) !■> rv-mowd and ih/ hurnrr instantly i)la( cd in position. 
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TABLE IV 
Sky bright and sunny. Plate, Seed "27" Emul. 11168; Oct. 12, 1906 



Plate No. 



I, 
I. 
2, 
2. 

3 
3 
4 
4 



Time of Exposure Position on Plate 



10 A. M. 
10:30 A. M. 

11 :i5 A. M. 

12 M. 

1 P. M. 

2 P. M. 
3:15 P.M. 
4 P. M. 



Length of 
Exposure 



Remarks 



Upper half 
Lower half 
Upper half 
Lower half 
Upper half 
I^>wer half 
Upper half 
Lower half 



3 mm. 



(1 
<( 

<< 
<< 
(< 



Blue with white clouds 
Blue with white clouds 
Slightly brighter 
Slightly brighter 
Still brighter 
Intensity al)out the same 
Slightly duller 
Light much weaker 



Two exposures on each plate. .\11 four plates cut from one large plate. 

opacity-ratios are constant. Between i p. m. and 4 p. m. there is an 
indicated difference in light-action of 2 '^•3=2.5 times, which allows 
for considerable fluctuation in light-value. But that this is by no 
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means a limiting value is shown by the parallelism of the curves in 
Fig. 9, which represent a diflFerence in light-action of 2^ 3 or 9.8 
times. There is no difficulty in obtaining any amount of corrobo- 
rative data in this connection. 

It should be remembered, that with varied exposure and equal 
time of development, we obtain, as the exposure is increased, an addition 
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of :in equal density (or fog) to the complete negative; but this increase 
of density does not in any way alter the opacity-ratios existing between 
the series of exi)Osures on the same plate (throughout the straight por- 
tion of the curve), such opacity being governed by the development: 
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there is no alteration in the gradation. Hence the cun^es of two 
diflferently exposed spectra would, as a whole, be parallel to each other, 
although the height of the ordinates (densities) would var)\ 

IRRATIONALITY OF PLATE CURVES 

To be able to refer to the speed of any particular plate as possess- 
ing a definite numerical value presents advantages which cannot be 
disputed. But if such a numerical value is based upon some source of 
selective radiation which differs from daylight, such as a candle in the 
case of Hurter and Driffield, the screened acetylene light of Mees and 
Sheppard, or the benzine lamp of Edcr,' then the comparative speed- 
values obtained for "ordinar\^" and orthochromatic plates, are cer- 
tain to be unreliable to a greater or less extent, dependent upon the 
closeness of the approximation of the artificial standard to daylight, 
and they must therefore be accepted provisionally. 

A method commonly in use in testing the speed of one plate 
against another, is to expose the two plates to identical amounts of 
the same light-action, and then develop them together in the same 
tray for a similar length of time, and compare the resulting negatives. 
Provided that both plates have a similar composition, the method 
cannot be objected to; but when the plates in question arc possessed 
of a different chemical constitution (the consideration of orthochro- 
matic plates being laid aside for the moment), such a method is very 
liable to lead in minv cases to most erroneous conclusions. 

If two pairs of differently constituted plates (A, Aj, and B, B^) 
be exposed simultaneously to the same light-action, and then 
developed together, giving one pair double the length of time of the 
other, as AB=^ minutes, and A^B^ ==6 minutes, it is very common 
to find, that with the first pair where A possesses a greater density 
than By in the case of the second pair with the lengthened develop- 
ment, the effect would be entirely reversed and B^ will have a greater 
density than A^. The following series of plates was therefore pre- 
pared: a Seed "27" and a Cramer 'instantaneous isochromatic" 
were exposed to precisely the same amount of light -act ion behind 
the revolving sector-disk, and then cut into eight strips each in the 

I Eder and \';ik'nta, Bcilrai^c ziir PhotocJivmic (Fnnth translation by Belin, 
entitled Systemr dc seiisitonu'ln'r). 
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dark-room. All of these strips began development together in the 
same bath at the same time, but, at stated intervals, each pair of plates 
("27" and "Iso.'') was removed from the developer together and 
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passed directly into the llxini^ ])ath. P>om the measurement of these 
negatives the curves sliown in Fig. 10 were plotted, and serve well to 
illustrate this phase of plate-action. 
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It will be noted that, with but one exception (8 minutes), no 
single pair of plates gives curves which are parallel to themselves. 
The gradation of the two plates is entirely different. In the present 
instance the Cramer plate is known to be slightly slower than the 
Seed, and hence it will be perfectly correct for the curve of the former 
to lie lower than that of the latter; but it will be seen that, if we 
measure the distance apart of these curv^es representing the various 
development times, it is a constantly decreasing quantity up to a 
certain point, namely, that at which the slope of the straight portion 
of the curves are similar; and from that point on, the conditions are 
absolutely reversed, and the isochromatic plate acquires a greater 
density than the ^^27," and appears the faster plate of the two. 
Under the method of equal time of development, therefore, no true 
deduction could be made regarding the relative speed of these plates 
from any of the eight pairs of curves shown. 

It has been shown by Abney' that a change in the gradation-curvx 
takes place when the exposure is to light of differing wave-length, 
the curve becoming steeper; that is, the contrasts arc more marked 
as the wave-length increases. In the present instance with normal 
development the curve of the "Iso*' plate is less steep than its accom- 
panying ^'27" plate, although it is sensitive farther toward the less 
refrangible end of the spectrum. It would appear, therefore, that 
the change in the slope of the curve is due mainly to the constitutional 
(chemical) difference between the two plates, which leads to a differ- 
ence in the velocity of the chemical reaction in ordinary development. 

In order, then, to obtain a direct comparison between two plates, 
it is necessary not to develop for precisely similar lengths of time, but 
for precisely similar amounts oj development-action — i. e., reduction 
product; under which circumstance the gradation- curves will lie 
parallel to one another. In trichromatic work, where different plates 
are used and the development is for equal times, as is very commonly 
the case, this change in the gradation-curve due to constitutional 
plate-difference must therefore be as carefully guarded against as is 
the change in gradation due to difference in wave-length, if the true 
color-value of the object be seriously considered. 

' "On the Variation in (iradalioii of a DcvcIop.Tl Phoioorraphic Iniat;^-," Froc. 
R. S., 68, 300, 1901. 
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DEVBLOPMENT FACTOR 

In the development of either the spectral records or the sector- 
disk exposures it will be evident, therefore, that the duration of devel- 
opment is of considerable importance. Hurter and Driffield have 
named the amount of development received by a plate the "develop- 
ment factor" (7). This factor may be calculated from their formula 

D-Dr 

where D^ and D^ are two densities selected from the straight portion 
of the curve, lying as far apart as possible, and E^E^ =the relative 
exposure times for the densities considered. It was shown by these 
workers that when 7 = 1.0 the negative is the true inverse of the origi- 
nal; when greater than i .0, the contrasts of the original are increased; 
while if less than i.o, they are diminished. In testing by diffused 
daylight it is not possible to obtain the values of E^F.^ expressed in 
c.m.s. (candle-metcr-seconds); nor for practical results is it essen- 
tial. If one takes instead the ratio of the light -apertures in the 
revolving sector-plate, results of sufikient accuracy may be readily 

secured. 

In the sector-disk made by the writer the apertures were cut ?n 

brass with much care, and the edges beveled. Yet, notwithstanding 

all efforts to the contrary, the error on the smaller apertures was 

considerable. This error may be noted by comparison with the 

theoretical ratio, thus: 

Theoretical ratio = I, 2, 4, 8, 16, ^2, 64, 128, 256 

True rati() = i.o4, 2.03, 4.06, 7.94, 15.83, ^1.84, 63.8, 127.6, 256.0^ 

When it is borne in mind that in the everyday practical sensitometry 
of photograi)hic plates use is made of those obtainable commercially, 
and not of an article specially coated on an accurate surface, it will 
readily be a]j])reciated that the use of the theoretical aperture-ratios 
is well within the limits of 'Opiate error;" to make use (except for 
s])ecial work) of the true ratio is an unnecessary refinement. 

The value of 7 may also be ol)tained graphically by drawing a 
line parallel to the strai.i^ht })ortion of the characteristic curve, start- 

I Mv lust lha^lk>^ arc (lii;- lo l*r<>f<-ss<)r Raymond Hurrihain, of tin- Armour Insti- 
tute, ('lii< ai^o. for ihc nua>urcii).nt of tlu- disk a]>crturc>-. 



SENSITOMETRY 



M3 



ing from the point i .o in the log E scale; for, as expressed by Hurter 
and Driffield, 7= tan 0, where is the angle of inclination of the 
curve from the horizontal base-line. The value is read directly from 
the scale of density-ordinates. In practice the writer finds it con- 
venient to shift this i.o point two divisions to the left along the 
abscissa scale, and thus economize space. 

The constant iy^ (the time nccessar}^ for any plate to reach a 
development factor of i.o) advanced by Mees and Sheppard, which 
is of great value in the indication of the development speed of various 
plates, may be determined by the method of Driffield for determining 
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the '* control factor.'" The development factors (7), extracted as 
already described, are now plotted with the time of devclo])ment as 
abscissae, and the two development factors as ordinates, which 
together with the zero point determine the curve. Take, in illustra- 
tion, the Seed ''27" and Cramer "instantaneous isochromatic " plates 
(Fig. 11), which were exposed behind the sector-disk and developed 
at a temperature of 17° C. for from i to 12 minutes, respectively. 
From the replotted curves in Fig. 1 1 the development time necessary 
to reach 7i., may be read off directly as indicated — viz., 3"^ 10^ and 
4"^ 15*, respectively. 

I Fhotographic Journal, 43. 17, January loo.v 
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RELATIVE SPEED 

The method now advanced by the writer consists in selecting some 
one plate whose quality and general behavior present a reliable uni- 
formity against which all other plates may be compared. In the 
Seed '' 27 " Gilt Edge we have a plate which may fairly be considered 
as filling the requirements, because, in spite of the fact that occa- 
sionally it has suffered a slight drop in speed, it is characterized by a 
remarkable uniformitv. 

Briefly, the s])ecd of a plate is required to be known. It is cut in 
such a manner that it, together with a " 27, " may lie in the holder and 
be exposed at the same time behind the revolving sector-disk to the 
same light-intensity. After exposure, each plate is cut into two 
strips, and all are develoi)ed at the one time and at constant tempera- 
ture, being removed from the developer in pairs after the lapse of 
4 and 8 minutes, respectively, and then fixed, washed, dried, and 
measured. 

From these measurements is extracted 7, and the time necessarv to 
reach, say, 7 = 1.0, is read off directly, and used as a time-factor for 
the development of another pair of exposures upon two more of the 
same plates developed at a similar temperature. 

The measurement of this second pair of plates will in turn give 
curves whicli lie parallel to one another, and from which the relative 
speed may be obtained. 

One measures, therefore, the distance apart of the curves (horizon- 
tally), and, remembering that the exposure increase for each step 
rises in ])owers of two, the dift'erence in speed between the two plates 
for a given intensity of light of similar s])ectral com{)osition will be 
two, raised to a ])ower the value of wliich will be determined by the 
distance measured; e. g., the mean distance ai)art of the two curves 
in Fig. Q is 3.2, then 2^^ is the ditYerence in sj)eed; or, the exposure 
time would have to be increased 9. 19 times in order to obtain similar 
density. 

In this method of relative s])eed determination there is the extra 
work entailed by the measurement of the "27'^ ])late with every 
determination, but such work really amounts to very little in actual 
time, and has the added [ulvantage in the use of daylight in place of 
some artificial "standard" of more or less doubtful value. 
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Experimentally the writer has not been able to so accurately expose 
and develop a third pair of plates as to have the plotted results 
actually superpose, the difference from a mean curve being ±0.02 
of a density unit in the most favorable instances, and running up as 
high as ±0.05 in exceptional instances. Further discussion upon 
this and kindred points is reserved for a following paper. 

COLOR-SENSITIVENESS (x) 

When Hurter and Driffield advanced their epoch-making methods 
for the sensitometry of photographic plates, the use of a candle in 
this connection was allowable, because at that time the orthochro- 
matic plate was but little used and less generally understood. At 
the present writing there is scarcely a manufacturer of photographic 
plates throughout the world who does not prepare one or more 
brands of color-corrected plates, and it is merely a question of a very 
brief time until the use of the orthochromalic plate will be imperative 
for everything save the photography of black and white. 

WTien we consider the color-sensitive plates of the present day as 
a whole, there are four points which strike even the casual obscr\'er 
as characteristic: (i) the strong sensitiveness to the blue- violet; (2) 
the secondary sensitiveness to the yellow-green; (3) the loii' sensi- 
tiveness to the blue-green; and (4) the lack of sensitiveness to the red. 
It is evident that these values should be delmitely known, and that, 
whatever method is adopted for their estimation, it should be compre- 
hensive enough to thoroughly ditlerentiate them. 

Mees and Sheppard have proposed the constant x ^is representing 
the ratio of the inertia of the blue-sensitiveness to the inertia of the 
yellow-sensitiveness. Their method of determining this value (which 
is an improvement upon the system of Eder) consists in exposing a 
plate to their screened acetylene light behind the sector-disk, which 
plate is still further screened by the interposition of a color-filter 
transmitting only the red light to X 5900 (A-D).' Another plate is 
exposed in the same manner, but with the interposition of a green 

» The spectral transmission valur of this color-filUT sliould \x: very ranfully fktcr- 
mined, as it is composed of rose bengal and tartrazine. This latter dye even in con- 
centration transmits the ultra-violet at X 3700. The n)se bengal of course transmits 
the violet verv' full v. 
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filter transmitting light from \ 5900 to X. 5000 (D-6iF), while a 
third plate is exposed through a blue filter transmitting light from 
\ 5000 on (6JF + ). The densities of these plates are then meas- 
ured, and the ratio of the inertias is obtained. 

In the opinion of the writer, the division of the spectrum into three 
parts furnishes altogether insufficient information for either the scien- 
tist, plate-maker, trichromatic worker, or student of orthochromatism. 

A plate exposed through the red color-filter may give a very high 
value, and thus indicate a rcd-sensitivencss which does not exist, the 
action being due entirely to the orange at, say, \ 6000, to determine 
which reference must be made to the spectrum. A somewhat differ- 
ent criticism applies to the results obtained by exposure through the 
green filter, whose transmission ends in the region of photographic 
low-scnsitivcness in the blue-green. The elimination of this insen- 
sitive gap (or results tending to such elimination) is of considerable 
importance in practical plate-making, and therefore the relative 
values of plates for this region should be definitely recorded; the 
division of the spectrum at this point by the green and blue filters 
makes such determination impossible. 

The method, however, has a certain broad value for the estimation 
of sensitiveness when re([uired for use with wide-banded color- 
filters, such as are generally used in trichromatic work; but it is 
un(|uestionably true that it cannot compare in quantitative estima- 
tion with a series of daylight spectrum negatives where the action of 
the plate for every wave-length of light is definitely apparent. As 
any system of sensitometry to be ])opular must be rendered as simple 
as is consistent with deliniteness, then what could be easier than to 
quote the density-readings at, say, six ])oints' of the s{)ectrum meas- 
ured, if any further numerical evaluation be required? 

DKVKI.OPMKNT OF SI'KCTRA 

In tlie development of the spectrum plates obtained by exposure 
in the spectro.u^raph as (lescri])ecl, special care must l)e taken to hold 
as constants [a) the constitution of the flevel()])er; [h) the tempera- 

I ^V\w ^\\ points rch rri«l to iiiav Ik- at XX .v'^'"'C*' 4100, >ioo, ^5oo, 5000, 6100, for 
allot' th«.' ordiiiarv orthochroin.itir platiS. Iiirasosof sjiv't iai n-d-srnsiliwnrss then 
tliv (h-n.-iilv-vahh- ot' a •- •Viiiih point may liv' addrd. 
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ture of the developer; {c) the time of development (as determined by 
the 7/ curve and corresponding sector-strip). Due attention to these 
points will result in negatives directly comparable with one another. 

MEASUREMENT AND INTERPRETATION OF SPECTRA 

In a series of spectrum exposures upon two different plates, that 
one of each is selected for measurement whose region of maximum 
opacity corresponds approximately to a density of 2 . 5. This is very 
readily selected by comparison with a standard density plate upon 
which the measured densities have been plainly marked.' Now, 
it makes absolutely no difference whether this spectral maximum lies 
in the yellow or in the violet. The only thing to took for is a maxi- 
mum of 2.5." 

In the practice of the writer this is still more readily determined 
by setting the analyzer circle of the spectro-photometer at 3°, and 
moving the spectrum plate in front of the collimator slit until we 
arrive at that one whose maximum opacity approximately equalizes 
the field in the viewing telescope; then that spectrum is marked for 
measurement. With a similar procedure on other plates we obtain 
spectra which may be compared directly with one another, because, 
generally speaking, they represent as their maximum an opacity of ac- 
tion of 256 light-ratio units, under identical conditions of development. 

Using a narrow slit in the spectrophotometer, the spectrum 
selected may now be measured, and its curve plotted in the usual 
manner, with the densities expressed as ordinatcs and the wave- 
lengths as abscissae; or, if preferred, the ordinatcs may read light- 
unit ratios, the values being obtained by interpolation upon the cun^e 
already obtained from the corresponding sector-disk negative pre- 
viously exposed and developed at a similar temperature, and taking 
the aperture ratios as units. This method was advanced by the 
writer in a former paper,-' and serves the very useful purpose of indi- 

1 Such a plate may hv obtained from a Srheincr <ir a Flurtcr and DrilTidd sector- 
disk. 

2 Because 2.5 is conveniently the highest allowable density for reliable direct 
measurements. 

3 "Preliminary Xote on Orlhoc hromatic Plates," Astrophysiail Jounitil, 22, 1^3, 
1905. It should be mentioned, however, that the values given in this fornn-r j)ai)er 
were from visual estimates, in ])lare of the present mciisures, although the following 
paper {ibid., 22, 350, 1905) (■ontn-ni> l)y exjterinu'nl the values hrst deriverl. 
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eating at a glance the ratio of opacity to exposure for differing wave- 
lengths. 

In such a spectrum record we obtain a quantitative estimate of 
the plate under test. Aside from the spectrum selected for measure- 
ment, we see at a glance the true region of maximum sensitiveness as 
evidenced in the shorter exposures. The growth of density in the 
least refrangible region with increase of exposure is readily marked, 
and its relation to the blue-sensitiveness may be easily approximated 
when the exposure time is known. If, for example, the spectrum 
selected for measurement as having normal exposure be the resultant 

of an exposure of a minutes, then the value x of the light-units acting 

b 
at any point on some other exposure b may be expressed as aac=Xj 

where c is the value of the light-units corresiX)nding to an exix)sure a. 

Furthermore, we do not have to depend upon the imj)ress of a 
glass scale (for example) in order to record spectral position, into 
which there enters an element of uncertainty consequent u])on the 
accidental displacement of either that or the dispersion-piece. On 
looking at a print from such a record, the obser\er has absolutely no 
means of knowing whether the scale is in true position or not, or to 
what extent the negative may be overexposed. On the other hand, 
the daylight record leaves no element of uncertainty, because the 
Fraunhofer lines indicate at a glance the exact wave-lengths, and also 
serve to show over- or under-exposure. 

In all of the spectra exposed al)ove normal there is present an 
amount of '*fog'' which arises from the ''spreading" of the light at 
the region of maximum sensitiveness, and interior reflection in the 
spectrograph; furthermore, the overla])ping ultra-violet of the second- 
order spectrum is apt to lead to false conclusions in the estimation 
of color-sensitiveness. For that reason the remaining two exposures 
are made after introducing the wedge between the collimator tube 
and the front board of the camera, the increase in the angle of inci- 
dence thus causing a corresponding displacement of the spectrum on 
the ])Iate. An ammonium |)icrate color-lilter is then introduced in 
front of the slit to completely absorb the overlapping violet. These 
latter two ex])osures are necessary to the correct appreciation of the 
actual extent of sensitiveness in the red. The appearance ])resented 
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by such a negative plate as has been described is shown in /, Plate 
VIII. 

It should be definitely understood that this suggested method of 
daylight sensitometry is advanced as a practical everyday means of 
arriving at reliably comparable results suited to the requirements, 
not only of the general worker in photography, but also of those who 
are making use of the photographic plate in obtaining records of 
scientific value. No one is more conscious than the author that it 
contains some points which may in time be improved upon, but it at 
least serves the useful purpose of definitely pointing out in connected 
form the greater number of pitfalls and inaccuracies which beset the 
path of sensitometry, and further indicates a means of obtaining 
exceedingly good results with the minimum of time and equipment. 
It will be obvious that the method is primarily suited to those who 
are users of plates, rather than to those whose work tends principally 
toward the manujacture of the material. For this latter class, how- 
ever, there is no reason why the method may not be extended to 
embrace the requirements suited to their needs. 

SUMMARY 

We may summarize the foregoing and tabulate the entire process 
as follows: 

1. The advancement of the replica-grating as a standard disi)er- 
sion-piece, together with a simple form of spectrograph suited to its 
use. 

2. A suggested method of daylight sensitometry (making use, as 
far as possible, of the laws discovered by Hurter and Driffield), of 
which the following is a resume: 

a) Exposure of one 2X4J plate scored down the kick, but not 
broken through, together with one 2X4J Seed ''27" plate, for, say, 
two minutes, in the sector-disk machine. 

b) The scored plate is broken through into two secondary slips, 
and all four plates are now developed (preferably together) with a 
constant developer, for a constant length of time, and at a constant 
temperature, with the exception of one of the secondary slips which 
remains in the developer for exactly double that of the others. 
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c) Measurement of the density strips and extraction of 7, ty^ and 
latitude. 

d) Exposure of a second pair of 2 X4J plates, and development for 
the time necessary to obtain equal amounts of development action as 
found from rf, retaining composition of developer and temperature 
as constants. Measurement of same and extraction of speed-ratio. 

e) Exposure of one 3^X4^ plate to a series of eight exposures in 
the spectrograph varying from two seconds to eight minutes, and two 
further exposures on the same plate with the collimator wedge in 
position and through the ammonium picrate screen. 

/) Measurement of selected spectrum for quantitative color 
estimation. 

Yerkes Observatory, 
January 24, 1907 
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Introduction to Astronomy, By Forest R. Moulton. New York: 
The Macmillan Co., 1906. Pp. 557, with 201 figures and 4 
star maps. $1.25. 

The appearance of an introductory treatise on astronomy by Pro- 
fessor Mouhon is of interest to all readers of science, and of special interest 
to teachers of astronomy. Professor Moulton's point of view is his own, 
in many ways unlike that of the textbooks in general use. Although 
the order and emphasis of presentation may be sometimes criticized, 
there can be no question that the book is throughout suggestive and 
stimulating. 

The introductory chapter is a new feature. It offers a preliminary 
outline of the whole subject, the author hokiing that a brief survey of the 
science is desirable, in order that main lines may not be lost sight of in 
details. It contains a good statement of the method of scientific inquiry, 
and an excellent presentation of the steps of evolution in astronomy. 

The chapter on co-ordinates gives good suggestions for approximate 
naked-eye use of co-ordinates; and, indeed, throughout the treatise the 
examples combine practical relations with common-sense theory to an 
unusual degree. Professor Moulton docs not eschew philoso])hy and 
psychology in the problems he considers. In his discussion of time he 
sets forth its psychological aspect quite fully. 

The author gives an early chapter to constellations, and he combines 
with the description of each constellation the leading facts regarding 
proper motion, parallax, variability or s{>ectroscoj)ic binaries, which the 
group presents. P'or an understanding of these terms, so far in advance 
of the stage reached, the introductory outline provides a sufficicMit basis. 

Another novel feature is the treatment of earth and ]3lanets in one 
group, rather than the ordinary separate treatment of the earth's motions 
followed by that of the planets. Although logical, it may be questioned 
whether this method would be equally clear and satisfactory for the average 
student. Further, in the case of the earth's motions, a larger familiarity 
with the actual phenomena of the sky is de>ind)le, before the chaj)ter is 
reached in which they arc treated. The degree of ignorance which the 
average young person carries in regard to the rising and setting of the 
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celestial bodies and other fundamental phenomena is amazing. It has 
been my custom to ask a series of questions bearing upon these immediate 
facts of observation, before taking up the study with a class of beginners- 
I find a large measure, not only of ignorance, but of confused misappre- 
hension of what is to be seen in the skv. 

The historical view of the planetary theory is clearly and concisely 
given, with unnecessary details wisely omitted. The application of the 
heliocentric theory to the observed motions might well be more fully devel- 
oped. Few students could pass from theory to observation without further 
guidance than the text offers. These problems of planetary position are 
more immediately connected with the early development of the science 
than any others, and they are within the firmer grasp of the average begin- 
ner than the dynamic questions to which Professor Moulton devotes more 
attention. He has before now given expression to his preference for 
dynamic relations in instruction as against those of position, but a longer 
training is necessary to clear thinking in these lines than the beginner 
usually possesses. 

Professor Moulton describes the work of Kepler and Newton in an 
admirable manner — clear, concise, and interesting. The presentation of 
perturbations, always difficult to lay before a class with clearness and 
jjrcvity, is extremely well put, with due precautions regarding ultimate 
conclusions. In the chapters on the solar system there is much to com- 
mend. Here, as elsewhere, the author gives very simple and illuminating 
illustrations, as, for instance, of the parallax of the sun, the uncertainty 
in the determination of comets' orbits, the theory of light production and 
absorption. Perhai)s undue time is afforded to the zodiacal light and the 
gegcnschein, to the curtailment, for instance, of methods of finding the 
solar parallax. The chapter on comets and meteors closes with a good 
statement of the investigations now needed to establish a better knowledge 
of these bodies and their relations. 

Tite |)la(.iiii^ of ihc (■hai)ter on the con>titution of the sun is another 
uiuisual feature. It is postponed to the close of the section devoted to 
llie solar system, standing between it and the consideration of the stellar 
s\sti-m. Thi> is well chosen, in view of the great prominence now given 
to the sun as a >ieir. The brief (les(Tij)tion of the s])ectroheliograph, 
with a clear and >iniple I'li^ure, containe<l in this cha])ter, will be welcomed 
by teacluTs of astroj)liysio. 

Chapter xv, devoted to theories of evolution, i^ full of matter. The 
value of a tlu-orv in il-^elf a>^ a stimulus to inve*^ligation is dwelt upon. 
l)arwin'> tidal thenrv i^ fairlv (ritici/ed. The planctesimal theorv of 
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Chamberlin and Moulton — called in the text the spiral nebula theory, 
to distinguish it from the Laplacian theory — is given in considerable 
detail. If the theory holds its ground in the future, the space given to it 
in the treatise will not prove excessive. But if it fails to make a good 
showing, later editions will curtail its limits. It may be questioned whether 
in a textbook for beginners so large a share of attention should be given 
to a theory which has not yet undergone general discussion by the wxirld 
of astronomers. But its deep interest and its rich suggest iveness lead 
one to overlook the propriety of its setting. 

The illustrations are generally good. Some of the figures might, to 
advantage, be somewhat larger. The fine photographs of stars and 
nebulae obtained in recent years at our leading observatories are wtII 
reproduced. The star maps, bound with the text, will prove conveni^t 
for class use. 

Mary W. Whitney 



Sternverzeichnis enihaltend alle Sterne his zur 6.^''^ Grosse jur das 
Jahr igoo. Bearbcitct auf Grund dcr genaucn Kataloge 
und zusammengestellt von J. und R. Ambronx. Mit einen 
erlautemden Vorwort vcrsehen und herausgcgebcn von Dr. L. 
Ambronn. Berlin: Julius Springer, 1907. Pp. 183. M. 10; 
interleaved for notes, M. 12. 

This compact catalogue, containing in 158 pages the positions of 7796 
stars of magnitude 6.5 and brighter, cannot fail to be of the greatest service 
to astronomers generally. Tlie arrangement of the work is particularly to 
be commended, and makes its use rapid and very satisfactory. In addition 
to a current number, there is given the name of constellation, with Bayer's 
letter and Flamsteed's number (if any); the magnitude (for northern stars 
from the Potsdam photometric Durchmusterung; for the southern stars 
from the " Uranometria " of Pritchard and the Harvard photometries); the 
right ascension to tenths of seconds of time, and the declination to seconds 
of arc, with annual variations; the reference to the catalogue from which 
the position is taken, and the B. D, number; and finally a column of remarks. 
Foot-notes refer to stars interesting by reason of duj)licity or \arialnlily, 
and give the individual names of the brightest stars. The letter r, con- 
spicuously placed in the A. R. column, indicates that the j)ro|)er motion is 
given in the list of Eigenhrwcgu ni!;cn occupying 18 page> al the end «)f the 
catalogue. 
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The precision of the places is entirely adequate for all spectroscopic and 
photometric purposes, and the reference to the original catalogue makes 
a greater precision immediately available where necessary. 

Professor Ambronn is to be congratulated in having in the persons of his 
wife and son able coadjutors, who performed the great part of the reduc- 
tions and prepared the manuscript for publication. 

The book will be needed in every observatory and by all field astronomers 

and there will be few teachers of astronomy who could not use it at 

times to great advantage. 

E. B. F. 
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THE FLUORESCENT AND ABSORPTION SPECTRA OF 
ANTHRACENE AND PHENANTHRENE VAPORS 

By T. SIDNF.Y ELSTON 
I. INTRODUCTION 

The fluorescence of vapors was first observed by Lommel' for 
iodine vapor in 1883. A few years later Ramsay and Young^ and 
E. Wiedemann^ found that some liquid solutions, when raised above 
their critical temperatures, fluoresce. Later, Wiedemann and 
Schmidt'* discovered a long list of fluorescent organic vapors, among 
which were anthracene and phenanthrene. They found that these 
vapors under the action of sunlight or light from a carbon arc fluo- 
resced an intense blue, the fluorescent light lying, as a whole, on the 
red side of the region of maximum absorption. In 1896 they^ dis- 
covered also that the metallic vapors of sodium and potassium are 
fluorescent. Quite recently Professor R. W. Wood^ has made an 
extensive study of the fluorescence of sodium va])or. Hartley^ has 
shown that mercury vapor also is fluorescent under certain condi- 
tions. 

With the exception of so(h*um va])or, none of these vapors had been 
investigated extensively for its fluorescence; and yet it seemed 

I Wicd. Ann., IQ, 356, 1883. 5 If>iil., 57, 447, 1896. 

* Chcm. Xms, 54, 203. 188(1. ^' Phil. Miis^., 10, 513, i()05. 

3 IV'ied. Ann., 41, 2ck), 1890. ~ Proc. R. S., 76 A, 428, 1(^05. 

4 Ibid., 56, 18, 18(^5. 
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desirable that such work should be done, for the sake 6i the aid 
which it might afford for the solution of the problem of luminescence, 
and ultimately of the problem of the nature of matter. In the 
present investigation the primary object was to study in more detail 
the fluorescence of anthracene vapor, one of the very strongly fluo- 
rescent organic vapors. Later a similar study was made of phen- 
anthrene because of the close resemblance between its fluorescent 
spectrum and that of anthracene, its isomer. 

n. THE FLUORESCENT SPECTRUM OF ANTHRACENE VAPOR 

a) Method and apparatus, — The fluorescence of the anthracene 
vapor was first studied by means of a small quartz spectrograph. 
The pure anthracene used was obtained from the commercial product 
by distilling twice from an excess of caustic potash, and then crys- 
tallizing from benzene under the action of the sunlight. A few 
centigrams of the crystals were inclosed in a crown-glass bulb (5 to 
8 cm in diameter), which was then evacuated and sealed. 

The bulb was placed in a heating apparatus arranged as shown 
in Fig. I. It was hung in a wire cage between the two side tubes, T^ 
and T^, in such a manner that the light employed to excite fluores- 
cence, after passage through the condensing lens, L, and reflection 
from the mirror, My downward through the mica window, W, was 
focused at the center of the bulb. 

The tube, T,, contained a rectangular opening at its inner end 
and a glass window near its outer end. When the bulb was heated 
and the anthracene made to fluoresce, the fluorescent light was 
examined by the spectrograph through this tube. 

The larger tube, T^, provided with a cap over its outer end, 
served a double role: first, as an observing tube for adjusting the 
apparatus so as properly to focus the light in the bulb; and, secondly, 
as a dark background against which to observe the fluorescence 
through the other tube, 7",. 

Care was always taken to adjust the bulb so that the cone of 
exciting light should be reflected from the bottom of the bulb straight 
back along its path. This was done in order to get rid, as far as 
possible, of the light scattered by reflection from the sides of the bulb. 
It was found, when Ijulbs of the proper size and shape were adjusted 
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in this way, that an exposure of three hours, made for scattered light 
alone, gave a very faint photograph as compared with that of the 
fluorescent and scattered light combined. 

Various sources of violet and ultra-violet light were tried — viz., 
the sun, the carbon and zinc arcs in air, the mercury, silver, and lead 
arcs in vacuOj and the cadmium, aluminium, copper, zinc, and 
magnesium sparks. Of these the carbon arc produced the most 
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intense fluorescence in the anthracene vapor, and so was employed 
almost exclusively. It was found that the fluorescence was due 
more to the light from the incandescent gases between the carbons 
than to the incandescent carbons themselves. Its intensity increased 
or decreased with the intensity of the group of three cyanogen bands 
in the violet. 

b) The fluorescence. — When tlie bull) was heated until the anthra- 
cene began to vaporize, the path of the arc-light through it was 
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marked by a cone of illuminated particles which scattered partially 
polarized white light in all directions. Gradually this disappeared 
as the anthracene became completely vaporized, and was replaced 
by a cone of brilliant blue fluorescent light in which no polarization 
could be detected. Examined photographically with the quartz 
spectrograph, it gave a spectrum (Plate X, la) which extended con- 
tinuously from 365 MM to 470 MM, with its regions of maximum inten- 
sity located at 390, 415, and 432 ti^i. The same spectrum was also 
obtained when sunlight, or the light from any of the other sources 
was employed as the exciting light. 

The range of the apparatus was from \ 325 to 540 fJi^fJi', the limit 
in the ultra-violet being set by the crown glass of the bulb which is 
opaque to radiation of wave-length shorter than 325 fJi'fJi'. 

The photograph did not show the slightest evidence of lines in 
the fluorescent spectrum. This, it was thought, might be due to the 
small resolving power of the quartz spectrograph in the region of the 
fluorescence; so a photograph was taken with a special, three- 
crown-prism spectrograph, designed by Professor Wood for his 
work on sodium vapor. The resolving power of this instrument 
was about fifteen times that of the quartz spectrograph; but in this 
case also the photograph failed to show any lines in the spectrum. 
The fluojescence was not intense enough to warrant the use of instru- 
ments of higher resolving power. It seems highly probable, how- 
ever, that the fluorescent spectrum of anthracene vapor is not resolv- 
able into lines like that of sodium vapor, but resembles, instead, the 
blinded spectra of fluorescent liquids and solutions. 

III. THE EFFECT OF IXCLOSIXG A FOREIGN GAS WITH THE ANTHRA- 
CENE 

To determine what eflVct upon the fluorescence the presence of 
another gas would have, the anthracene was inclosed in the bulb in 
turn with various gases at atmosphi-ric pressure. It was found that 
some gases had ])ractically no elTect, while others extinguished the 
fluorescence more or less completely. The results are given in the 
accompanying table. 

In the case of the gases listed in the first column of the table the 
quality of the fluorescence was unaffected ])y their introduction into 
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Fluorescent and Ahsorptkjn Si^kcika of Anthkacini: and Phiaantukk.ni: Vapors 

1. a, Fluorescence of Anthr.Kcnc; /», Dilfnsrd I.iKjIit; c, Cinlniivim .Sp.irk. 

2. a Nemst Filament; h, Ahsorptiftn nt" Xiulir.iiriic'. r. C'.uliniuni S|>.irk. 

3. a, Xernst Filament; b, AI»v)rptioii i>f Anilir.u cnr ((Jciisc vajx.r); 1. ('.iilmiinn Sp.irk. 

4. a. Nemst Filament; b, Abs^Tption. ("uninuTi i.il Amlirafcin^; r. ('.idniium Sp.irk. 

5. eg, Cadmium Spark; ft, Carl)ou Arc Sjx-i-trum; li, Solmion .-\ a.s scrcrn; c. Siludon i{; r. Solution ('; /». Crown- 

Glass Plate as screen. 

6. a. Fluorescence of Phenanthrtne; b, Cadmium Spark. 
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Fluorescence of Anthracene Vapor 



Not Affected by 


Extinguished by 


Weakened by 


Nitrogen 
Hydrogen 
Illuminating gas 
Carbon monoxide 
Carbon dioxide 
Mercury vapor 


Cyanogen 
Chlorine 
Sulphur dioxide 
Oxygen 


Air 



the bulb. A slight decrease in intensity, however, was observed, 
due, probably, to the higher pressures in the bulb after the gases 
were introduced (see §iv). So far as could be ascertained, none 
of these gases reacts chemically upon the anthracene vapor w^ithin 
the range of temperatures set by the apparatus. 

In the case of the gases listed in the second column the effect was 
practically to extinguish the fluorescence. Only the faintest trace, if 
any, of fluorescence could be observed when they w'ere mixed with 
the anthracene. For these gases it was found that chemical action 
began either as soon as the temperature was raised to a point w^here 
the anthracene w^as vaporized (this was the case with cyanogen and 
chlorine), or at a temperature not much higher (this was the case 
with sulphur dioxide and oxgyen). It seemed highly probable from 
this that the extinction of the fluorescence was due to some sort of 
chemical influence. 

That the chemical influence, if such it be, which affected the fluo- 
rescence, need not be such as to produce a permanent chemical 
change in the anthracene was shown in the following way: A bulb 
containing anthracene and oxygen was placed in an air-bath wdth a 
similar bulb containing only anthracene. The temperature was then 
raised just high enough to obtain strong fluorescence in the second 
bulb, but not high enough to cause any visible chemical reaction 
between the oxygen and the anthracene in the first bulb. The first 
bulb was tested for fluorescence and found not to show the slightest 
traces. It w^as then removed and the oxygen pumped out, the 
crystallized anthracene being left behind, and the bulb again placed 
in the bath and tested. The fluorescence in this Inilb was now found 
to be as brilliant as in the other one. To find out if some of the 
anthracene had not been acted upon and a consequent change in 
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volume of the oxygen produced, a bulb was used which terminated 
in a long capillary tube. The oxygen gas and anthracene ci^'stals 
were inclosed at atmospheric pressure and the bulb scaled. Then, 
after subjecting the bulb to the same heating as before, the end of 
the capillary tube was broken off under mercury, and the oxgyen 
again brought to atmospheric pressure. Not the slightest change in 
its volume was observed. If any chemical action had occurred, it 
was evidently of such a nature as to produce compensating changes 
in the volume of the reacting substances. As this is highly improb- 
able, we are led to conclude that no reaction took place between the 
anthracene and the oxygen, but that whatever mutual action occurred 
produced effects which lasted only while the given conditions of 
temperature and mutual contact were maintained. During this 
time practically all of the anthracene molecules must have been 
affected, for the extinction of the fluorescence was complete through- 
out the vapor. 

The foregoing facts may be explained by assuming that, when 
anthracene vapor is mixed with oxygen at a temperature not much 
below that at which the two react chemically, there is a preliminary 
grouping of the oxygen molecules about the anthracene molecules, or 
vice versa, and that, while thus associated and before they rush 
together into closer contact to form a new chemical compound, the 
mutual forces are such as to prevent the anthracene molecules from 
fluorescing, but are not great enough to bring about a reaction. As 
thus considered, the phenomenon is simply the first stage of a chemical 
reaction. 

The effect of oxygen upon the anthracene vapor is in many ways 
similar to that of many liquid solvents upon the fluorescent sub- 
stances dissolved in them.' 

When the vapor was mixed with air, the fluorescence was much 
weakened, becoming almost too weak to be seen when air at atmos- 
pheric ])rcssure or greater was used. This weakening was easily 
traceable to the oxygen contained in the air. 

It seems hif^^hly })robable from the foregoing facts that the pres- 
ence of foreign molecules, heavy or light, among the fluorescing 
anthracene molecules does not have any a])preciable effect upon the 

I Kauffiiiann and Hi-iswcn^cr, ZcHschrijt jiir phys. CJicm., 50, 350, 1904. 
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fluorescence at ordinary pressures, except in those cases where a 
chemical change, either incipient or permanent, occurs. 

IV. THE EFFECT OF PRESSURE 

In the experiment with the illuminating gas a thick-walled glass 
bulb was employed, and the pressure was varied from i to 12 atmos- 
pheres. The visible fluorescence became less and less intense as the 
pressure was increased, but was still perceptible at the highest pres- 
sure. So far as this was tried with the other gases, the same results 
were obtained, an increase of pressure in each case causing a diminu- 
tion in the intensity of the fluorescence. The change in intensity was 
not very marked until the pressure exceeded i atmosphere. At all 
pressures below this the intensity of the fluorescence was practically 
independent of the pressure. 

The quality of the fluorescence was not affected by the pressure; 
the same spectrum was obtained at high as at low pressures. 

V. THE EFFECT OF TEMPERATURE 

The temperature of the bulb was varied from the temperature 
at which the vapor began to fluoresce (the boiling-point of anthra- 
cene is 351° C.) to the temperature at which the glass began to soften 
(the melting-point of the glass bulb is about 1000° C). As the 
temperature was raised the intensity of the fluorescence diminished. 
This was the case whether the bulb contained the pure anthracene 
alone or anthracene mixed with an inert gas. Of course, as the 
temperature was raised, the pressure of the inclosed vapor was 
increased: so the effect mav have been due to this. 

VI. THE EFFECT OF VARYING THE DENSITY OF THE VAPOR 

When the amount of anthracene inclosed in the bulb was gradually 
increased, and the vapor density thus corres[)ondingly increased, it 
was found that the cone of visible fluorescence, which at first extended 
completely through the bulb from the point where the exciting light 
entered to the point where it left, was foreshortened in the direction 
of its length, until finally it was shrunk down almost to the surface 
where the exciting light entered the bulb. At the same time the 
intrinsic brightness of the fluorescence was diminished, due, undoubt- 
edly, to the consequent increase in pressure. 
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The foreshortening of the cone of fluorescence means, of course, 
that the particular radiation which excites the visible fluorescence 
is completely absorbed out of the incident light before this pene- 
trates very far into a bulb filled with dense anthracene vapor. 

The quality of the fluorescence was not affected, as the spectrum 
photographs for bulbs containing different amounts of anthracene 
showed. 

VII. THE ABSORPTION SPECTRUM 

To obtain the absorption spectrum of the vapor, it was found 
convenient to use a long glass tube in which to inclose the anthra- 
cene. This was placed inside a cylindrical iron tube with a glass 
window at each end, as shown in Fig. 2. 



To spectro- 
graph 




Fig. 2 

The light from a Nemst filament was focused in the tube at one 
end, and, on emerging at the other end, was examined photographi- 
cally w^ith the quartz spectrograph. 

The photograph (Plate X, 36) was taken when the anthracene vapor 
in the tube was quite dense. It shows that the pure dense vapor 
absorbs continuously from \ 425 to 325 ft/x, the limit set by the crown 
glass. When the tubes containing less anthracene, or the bulbs 
employed in getting fluorescence, were used, the absorption did not 
extend so far down toward longer wave-lenglhs (Plate X, 26). 

The absorption of the vapor was also studied with a 12.5-foot 
concave Rowland grating, but with the same result. There was 
no evidence of lines in either case; the absorption consisted of a 
continuous region l)ctwcen ^325 /^/x and al)out 425 /x/x. 

Purilied anthracene was used in obtaining the absorption spectra 
just described. When the commercial anthracene (Eimer & Amend, 
90 per cent.) was used, the absorption spectrum obtained (Plate X, 
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46) was found to be the same as for the pure anthracene, with the 
exception that there was a narrow band at wave-length 452 /a/x. 

Vm. THE RELATION BETWEEN THE EXCITING LIGHT AND THE 

FLUORESCENCE — STOKES'S LAW 

I. The carbon arc as source. — In the earlier stages of the investi- 
gation (when the fluorescent spectrum was excited by the light from 
a carbon-arc lamp and the photograph taken showed that it consisted 
of three bands which were somewhat similarly spaced, but farther 
toward the red, as compared with the three intense cyanogen bands 
of the arc in that region of the spectrum), it was thought probable 
that the three cyanogen bands had each excited its own fluorescent 
band in the anthracene vapor, thus giving rise to the three bands 
found in the fluorescent spectrum. The fact, that sunlight excited 
the same bands seemed to make this doubtful; but it was not until 
the work, now to be described, was done that it was shown that, in 
all probability, the entire fluorescence of the vapor excited by light 
from the carbon arc was largely due to the strong lines in the head of 
the middle one of the three cyanogen bands, the one whose head 
lies at wave-length 388 . 3 MM. 

Two methods were employed in determining the approximate 
wave-length of the exciting light. 

a) The first to be tried was what might be called the "method of 
exclusion." It consisted in screening off different portions of the 
spectrum in turn, by means of properly chosen absorbing solutions, 
and observing the effect upon the fluorescence. By referring to 
Dr. Uhler^s photographs of the absorption spectra of various solu- 
tions, the following solutions were chosen and found to answer the 
purpose : 

A. Nitroso-dimethyl-aniline solution, 2 parts by volume of satu- 
rated solution to 3 parts of water. 

B. Potassium permanganate solution, i part by volume of satu- 
rated solution to 50 parts of water. 

C. Naphthol disulfonic acid solution, 2 parts by volume of satu- 
rated solution to 5 parts of water. 

These solutions were introduced into a glass cell (i cm thick) 
which was placed in the path of the exciting light between the con- 
densing lens (see Fig. i) and the bulb. 
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When solution A was employed as an absorbing screen, the anthra- 
cene vapor failed to fluoresce. Now, this solution has a strong 
absorption band extending from 375 to 480 /x/x (see Plate X, 5^), while 
it transmits quite freely on both sides of the band, within the limits 
set by the glass. It is evident from this that the light which causes 
the fluorescence in the vapor is located somewhere in the region 
375-480 At/A. It is in this region that two of the cyanogen bands 
are located; the third lies just outside of it toward the ultra-violet. 

The solution B is transparent to light of wave-length 395-465 /x/a, 
but is quite opaque to the rest of the spectrum in the given region. 
When this solution was substituted in the cell for solution A, no 
fluorescence could be observed. This shows that the light producing 
the fluorescence docs not lie between 395 and 465 m/^, and therefore 
must lie either in the region 465-480 /x/i, or in the region 375- 
395 /i/x, or in both. That it docs not lie in the region 465-480 /x/x 
is probable from the fact that the carbon arc spectrum is relatively 
weak in this region. We are then led to conclude that the exciting 
light lies somewhere between the wave-lengths 375 and 395 /x/*. It 
is in this region that the strong lines in the middle one of the three 
cyanogen bands are located. 

h) A confirmation of the foregoing results was obtained in the 
following way: A slit, two condensing lenses, and a large crown- 
glass prism were arranged so as to give a comparatively pure and 
bright spectrum of the arc. A slitted screen, with the bulb contain- 
ing the anthracene vapor behind it, was then passed from point to 
point along through the spectrum. Starting at the red end there was 
no visible evidence of fluorescence in the vapor until the bulb was 
brought into that })art of the spectrum corresponding to wave-lengths 
390-375 /x/x, when it began to fluoresce with the characteristic 
brilliant blue color, the cone of fluorescence extending entirely 
through the bulb. When moved on into the region of the cyanogen 
band whose head is at 359 /x/x, a dim fluorescence was observed which 
penetrated only a few millimeters into the bulb. It had played 
smull part, therefore, in the photographs of the fluorescent spectrum 
previously taken, where the collimator of the spectrograph had been 
directed toward the center of the bulb. 

The slitted screen was now adjusted so as to allow only the light 
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near the head of the cyanogen band at 388 . 3 MM to enter the bulb. 
A photograph of the fluorescence produced was taken which gave 
the same bright bands and continuous regions shown in the former 
photographs (see Plate X, la). 

The slit was then moved so as to admit to the bulb the head of 
the cyanogen band at 359 /*/*» and a photograph of the fluorescence 
was taken. It showed that the spectrum was the same as that 
excited by the other cyanogen band. 

The relative spectral positions of the fluorescence and the exciting 
lights for the two experiments just described are shown in Fig. 3. 
The block £, represents the spectral width and location of the exciting 
light in the first experiment, and F, the general form of distribution 
of intensity in the fluorescence which it excited in the anthracene 
vapor, while E^ and F^ represent the corresponding quantities in the 
second experiment. The two curves have been deduced from the 
photographs and indicate that the fluorescence in the two cases was 
the same in every way except in absolute intensity. 

2. The zinc arc and magnesium spark as sources. — To obtain 
further evidence of the relation between the fluorescence and the 
wave-length of the light which excites it, two sources were employed 
which gave regions of exciting light quite widely separated. The 
first was the zinc arc, which gives an isolated group of very intense 
lines in the region 328-335 /x/i, just within the ultra-violet limit set 
by the absorption of the crown-glass bulb; the second was the mag- 
nesium spark, which gives an intense isolated triplet in the region 
383-385 MMi not very far from the limit toward the red beyond which 
the light ceases to have power to excite fluorescence in the anthra- 
cene vapor. This limit was earlier found to be in the neighborhood 
of wave-length 400 /x/x. 

Between 325 and 400 m/a the arc-spectrum of zinc contains, besides 
the group just mentioned, only three very faint lines whose aggregate 
intensity is less than i per cent, of that of the group. If the zinc arc 
is used, therefore, to excite the fluorescence in the anthracene, the 
exciting light is practically all located in the region 328-335 m/i. 
When this was done (the zinc arc being substituted for the carbon 
arc) and the fluorescence produced in the bulb was photographed, 
it was found to give the same fluorescent spectrum as the carbon 
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arc. The block E^ and the curve F^ in Fig. 3 represent respectively 
the exciting light and the fluorescence for this case. 

In the case of the magnesium spark there are a few faint lines in 
the region 325-400 /a/i besides the triplet mentioned, but their aggre- 
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gate intensity is negligible in comparison with that of the triplet, so 
that practically all of the exciting light from a pure magnesium spark 
is in the region 383-385 m/^. It was found, however, that the elec- 
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trodes used contained zinc as an impurity. In order to screen off 
the lines due to the zinc, the solution C (see §viii, i) was used as 
an absorbing screen. It is opaque to ultra-violet light from 360 on 
out beyond 325 ft/x, and therefore to the group of zinc lines at 328- 
335 /*/*. When the magnesium spark, as thus screened, was used as 
the source and the fluorescence excited was photographed, it was 
found to give the same spectrum as the carbon and zinc arcs. The 
block E^ and the curve F^ in Fig. 3 represent respectively the exciting 
light and the fluorescence for this case. 

In connection with the results given acbove, it should be remem- 
bered that the anthracene vapor used absorbs continuously from 
about 400 At/x to some point beyond 325 /x/i. 

3. Stokes^ s law. — It is evident from the foregoing facts that 
Stokes's law, which states that the fluorescent light is of longer wave- 
length than the light which excites it, is not strictly true in the case 
of anthracene vapor; for in at least two cases (i and 3 in Fig. 3) 
part of the fluorescent light is of shorter wave-length than the corre- 
sponding exciting light. In a general sense, however, the law may 
be considered as fairly representing the facts, since the fluorescent 
spectrum as a whole is of longer wave-length than the exciting light. 

4. Discussion 0} results, — Wc are led to conclude from the fore- 
going facts (a) that the fluorescence of anthracene vapor is excited by 
light situated anywhere in the uhra-violet region of absorption of 
the vapor, and (b) that the character of the fluorescence is entirely 
independent of the source and wave-length of the light which excites it. 

If we assume that the fluorescence is produced by a system of 
electrons within the molecule, then, in order to account for the 
fluorescent spectrum of anthracene vapor, which, as we found, was 
composed of three bands superposed ujjon a continuous spectrum, 
we may consider either that the electrons corresi)onding in period to 
the three bands are more numerous than those which give rise to the 
weaker, continuous parts of the fluorescence, or that the former 
are set in more violent vibration; also, tliat the system of electrons 
is so intimately connected in its j)arts that, when disturbed by the 
exciting light in any manner, be it direct or through an intermediary 
**luminophore, " all the electrons in the system are set in vibration. 
If the disturbance of the system takes pkice through an intermediary 
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"luminophore,"^ as seems more probable, then this luminophore 
undoubtedly consists of a connected system of electrons whose 
periods correspond to those of the absorption spectrum of the vapor. 

IX. THE FLUORESCENCE AND ABSORPTION OF PHENANTHRENE 
VAPOR, THE ISOMER OF ANTHRACENE VAPOR 

Phenanthrene is a substance which has the same chemical compo- 
sition, C^^H^Qj as anthracene, but a slightly different structural com- 
position as the following figure shows: 

Anthracene Phenanthrene 



\ 



S^^ CH—CtH^ 



CH 

The only difference in structure, according to this, is in the manner 
in which the four groups or radicals are linked together. 

When the fluorescent spectrum of pure phenanthrene vapor was 
photographed (Plate X, 6a), it was found to consist of the same bands 
as that of anthracene, but with an additional band at 360 /x/x. 

Its absorption spectrum was photographed and found to be the 
same as that of the anthracene vapor. 

It would seem from these facts that there is an intimate connection 
between the fluorescence of the vapors of the two substances, undoubt* 
edly due to their common chemical composition and similar struc- 
tural composition. Just what gives rise to the extra band in the 
fluorescent spectrum of phenanthrene vapor is not apparent. 

X. SUMMARY 

The following is a summary of the results of this investigation: 
(i) The fluorescent spectrum of anthracene vapor consists of 
three bright bands at \ 390, 415, and 432 /^/x superposed upon a con- 
tinuous region extending from 365 to 470 /a/a. There is no evidence 
of lines. The al^sorption spectrum extends continuously from about 
400 Mft to some point beyond 325 /x/ut. 

(2) The presence of inert gises in the vapor does not affect the 
fluorescence, so long as the })ressure is below an atmosphere. But 

» \V. Kauftinann, Brr. d. PJiy.s. Gest'il., 21, ^^75, IU05. 
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such gases as oxygen, chlorine, and sulphur dioxide, which at high 
temperatures react chemically with anthracene, almost completely 
extinguish the fluorescence at ordinary pressures. 

(3) The intensity of the visible fluorescence decreases as the pres- 
sure of the gas inclosed with the anthracene is increased. It is not 
marked, however, at pressures lower than an atmosphere. The 
quality of the fluorescence is not affected by a change in pressure. 

(4) Increasing the density of the fluorescing vapor has no effect 
upon the quality of the fluorescence, but diminishes its intensity 
slightly. 

(5) The fluorescence of anthracene vapor may be excited by I'ght 
located anywhere within the ultra-violet region of absorption of the 
vapor. 

(6) The same fluorescent spectrum is produced independent of 
what the source or wave-length of the exciting light may be, provided 
the condition noted in (5) is observed. 

(7) There is an intimate connection between the fluorescence of 
anthracene vapor and its isomer, phcnanthrene vapor. 

This investigation was begun at the suggestion and has been 
carried out under the direction of Professor R. W. Wood, to whom I 
wish to extend my thanks for the interest which he has shown, and the 
encouragement and help which he has given me in the course of the 
work. I wish also to express my gratitude to Professor J. S. Ames 
for his unfailing courtesy and kindness. 

Johns Hopkins University 



ON THE RADIATION OF CANAL RAYS IN HYDROGEN 

PART II. LINEAR SPEED AND INTENSITY OF RADIATION' 

By J. STARK 

§ II. Ionization behind the cathode; origin of the banded spectrum 
and oj the stationary line-spectrum, — Referring to Fig. 8, K is a cath- 
ode made of wire net having one mesh to the millimeter; in that 
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portion of the tube 
which lies behind 
the cathode and 
which is traversed 
by the canal rays 
are introduced two 
pointed electrodes; 
with these are con- 
nected in series a 
four-volt battery 
and a galvanometer. 
The cathode is 
earthed. So long 
as no canal ravs 
pass between the 
wire electrodes, the 
galvanometer shows 
no deflection; when 
they begin to pass, 
however, the galva- 
nometer indicates a 
current and hence 
conductivitv in the 



gas. 
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('alh()(K'-(]n)p in volls 



In Fig. 9 are rep- 
resented graphi- 
cally three series of 
measurements, at three different pressures, in nitrogen. The cathode- 

I Conlinucd from pa^^c^ 44, Jdnuary 1007. 
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drop in volts is plotted along the axis of abscissae; while the ordinates 
indicate the ratio of the current passing through the galvanometer 
to the current in the tube (Glimmsirom) which produces the canal 
rays. 

It may be seen from the figure that, in the gas behind the cathode, 
the canal rays produce conductivity, and hence positive and negative 
ions; from 500 volts up the conductivity in the rear of the cathode 
rises at first rapidly, 
then more slowly, with 
the cathode-drop. 

Fig. 10 has already 
been published in 
another place.^ It 
was obtained as fol- 
lows. A copper wire 
was placed opposite to 
the incandescent fila- 
ment of a very small 
electric lamp, at a 
distance of 6 mm; this 
copper wire served as 
cathode, the incan- 
descent carbon fila- 
ment as anode. On 

this there will be produced some positive ions in consequence 
of the high temperature; and these will be driven to the cathode 
by the potential difference, AF, between the electrodes; when 
the gas-pressure is low they will traverse this drop in potential 
freely — i. e., without collision — and will strike the surface of the 
cathode, with high speed, as ''canal rays." It is evident that for 
small potential differences the current will be small and nearly ** satu- 
rated." At the velocity corresponding to about 340 volts, however, 
the positive ions, by the suddenness of their impact upon the aithode, 
begin to create new ions; and hence the current suddenly rises to 
large values. 

It would thus appear that canal rays when moving with a speed 

' J. Stark, Verhamll. d. di-utsch. pliys. Gcs., 6, 104, i()04. 
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less than a certain limit (300 to 500 volts) are unable to ionize a gas 
by collision; with higher velocities, however, the gas is ionized. In 
the .spectroscopic observations here described the cathode-drop 
always exceeded 1000 volts, so that the canal rays were capable of 
ionizing the gas behind the cathode, thus giving opportunity for the 
reunion of positive and negative ions, and hence, in terms of our 
hypothesis, for the emission of a banded spectrum. This radiation, 
then, has its origin in the potential energy which is set free by the 
reunion; it is an indirect consequence of the collision of the canal 
rays with the neutral atoms of the gas; the more frequent these colli- 
sions — i. e., the greater the gas-pressure — the more intense is the 
banded spectrum in the region traversed by the canal rays. 

It has already been established, in §3, that the line-spectrum of 
this same region has both a displaced and a stationary intensity; the 
intensity of the line-spectrum in the negative glow is, at low tempera- 
tures, only stationary; no Doppler effect is here observable. In the 
region of the canal rays the stationary lines present the same appear- 
ance as the corresponding lines in the negative glow; and here the 
intensities of the scries lines also diminish from red to violet in the 
same manner. In the negative glow the neutral atoms are ionized 
by collisions with cathode rays; behind the cathode they are ionized 
by collisions with canal rays. In the former case the newly formed 
positive ion always remains at rest because the mass of the incident 
cathode ray is so small; in the latter case either the ion just produced 
or the ion of the incident canal ray may remain at rest after the colli- 
sion. Both cases have the feature in common that immediatelv after 
collision there is present a stationary positive ion. It is possible that 
this ion will be deformed by the collision, and will also have its internal 
eneri^v increased — eneri^v which it radiates immediatelv after the 
blow and while still at rest. We are thus led to infer that the station- 
ary intensity of the line-spectrum has its origin in the deformation of 
a positive atom l)y collision. We may, therefore, infer that the 
stationary intensity of the line-spectrum is j)roportional to the number 
of collisions, and hence also proj)ortional to the intensity of the banded 
spectrum. 

Tables IV and V were obtained in the following manner. On a 
number of photoi^raphic plates the intensity of a strong band-line was 
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Source of Light 



Negative glow, 



Positive column 



TABLE IV 



Pressure: Current 



0.5 mm; 0.006 amp. 



o. I 
i.o 
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10 
o. I 
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0.03 
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Intensity of 
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I 
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I 
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TABLE V 



Pressure. Caihode-Drop 
(Canal Rays) 



Intensity of 

Band-Line 

4O34 IS 
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Series-Line Hy 
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compared with the stationary intensity of a neighboring series-h'ne ; 
the intensity of the band-line was called unity. The measures indi- 
cated by an asterisk in Table V refer to canal rays traveling away 
from the obsen'er. 

The relation here indicated between the intensity of the banded 
spectrum and the stationary portion of the series-line holds only for 
low temperatures; by raising the temperature one may, as shown 
below, create a displaced intensity which will mask the stationary 
intensity. 

§ 12. Correspondence between speed oj translation and temperature; 
comparison of stationary and displaced intensities. — P'rom the exist- 
ence of the Doppler effect in canal rays one may infer that the 
"carrier" of the line-spectrum is in motion while in the act of radi- 
ating light; and since the carrier, the f)ositive ion, undergoes at the 
same instant both translation and radiation, one may suspect a con- 
nection between these two i)rocesses. The source of light in canal 
rays is evidently a diminution of tlie kinetic energy of these rays; 
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as we have already seen, § 5, the maximum speed of the canal rays is 
less than that computed from the cathode-drop; not only so, but this 
velocity becomes smaller the farther the canal rays proceed from the 
cathode. 

As one might expect, and as A. S. King' has shown by experiment, 
it is possible to obtain the line-spectrum of a metal by increase of 
temperature alone. According to the kinetic theory of gases, a rise 
of temperature means an increase in the speed of translation of the 
gas particles, and the temperature is proportional to the mean square 
of the speed. 

A purely thermal emission, or temperature radiation, of the line- 
spectrum and its emission from canal rays have this feature in com- 
mon, that the carrier of the linc-spcctrum, the positive ion, has a 
motion of translation through a material medium and is simultane- 
ously emitting electromagnetic waves. Temperature in the first case 
appears as the analogue of the square of the velocity of the canal 
ravs in the second case. 

The emission of light by canal rays is not a thermal or "regular" 
radiation, but a case of luminescence.^ The dilTcrence between these 
two s[)ecial cases, of the general principle or feature just mentioned, 
lies in the distribution of the radiating particles among the various 
values and the directions of the velocities. 

In the case of thermal radiation the motions of the carriers lie in 
all possible directions, while in canal rays they all lie in a single direc- 
tion. In the former case the total number of carriers is distributed 
among all speeds, from zero to very high values, according to the 
Maxwell-Boltzmann law. In the latter case the carriers are distrib- 
uted, according to another law, among speeds ranging from zero to 
the maximum given by the cathode-drop. 

From this it would appear, therefore, that there is an analog}^, but 
no identity, in the laws governing these two types of emission. The 
stationarv radiation is also a sort of luminescence between which and 
the displaced radiation no parallelism is to be expected such as that 
which exists between this latter and thermal radiation. 

This is evident from Tables VI, VII, and VIII. 

1 Aufiiilcfi der Phyu'k, l6, 3^'>o, 1005. 

2 K. Wiednnann, Anniilcn dcr Physik, 34, 446, iSSS; 37, 177, 18S9. 
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TABLE VI 





Intensities 


Pressure, Cathode-Drop 


Band-Line 

4*05 '2 


Series-Line 
3970. a (i/<) 


0.05 mm; 2500 volts 
0.02 3300 
. I 4600 
0.005 7500 
0.005 7S^^ 




3 

5 

5 
10 

10 



TABLE VII 



Pressure, 
Cathode-Drop 



Intensity 



HP. 
Hy. 
Hd. 
He. 



. OS mm 


0.01? mm 


0.08 mm 


2000 
Volts 


2SOO 

Volts 


2500 
Volts 



0.03 mm 0.03 mm 



3000 
Volts 






w Q 



CO 



in 



I 
I 
I 



3 
2 

I 



I 
I 
I 
I 



4 

3 
2 

1-5 






3000 

Volts 
















• ■ 


• • 

I 


6 


• ■ 

I 


• • 

6 


3 


I 


4 


I 


5 


1-5 


I 


3 


I 


3 



0.0a mm o.oj mm o.oi mm 



4200 
Volts 



4200 
Volts 



■ 
4^ 

C/3 


Disp 


• 

CO 


Disp 


C/3 



Sooo 
Volts 



I 
I 

I 
I 



4 
5 
4 
2 



I 
I 
I 
I 



8 
6 
2 



I 
I 
I 



(A 



4 

5 

3 
2 



TABLE VIII 



Pressure, Cathode-Drop 



0.05-0.01 mm . . 
3700-1 1 100 volts 

0.05-0.005 mm 
6000-18000 volts 

o.oi-o.ooi mm 
16000-4S000 volts 

0.005-0.0005 mm 
19000-57000 volts 



2S36.6INTKNS1TY 3663 . 3 INTENSITY, 4046. 8 INTENSITY 4078. 1 INTENSITY 



Stat. 



Displ. Stat. DIspl 



10 

s 

3 



Slat. 



10 



Displ. I Stat. I Displ. 



great 



100 



20 



The results of Tabic VI were obtained from grating spectrograms 
taken with the direction of observation perpendicular to that of the 
rays; the intensity here given for the series-lines is therefore the sum 
of the stationary and of the much greater displaced intensity. As 
will be seen, the displaced intensity of the series-lines is not propor- 
tional to the intensity of the l)an(led s})ectrum, and hence not propor- 
tional to the stationary intensity of the series-lines. 
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7W 



120 



100 



80 



60 



(,0 



Table VII was obtained from spectrograms on which the stationary 
and displaced intensities were separated by means of the Doppler 
effect, and could therefore be directly compared one with the other; 
for each separate line the stationar}^ intensity is taken as unity. As 
will be seen, the distribution of intensity in the stationary spectrum 
follows a law different from that which governs the distribution in the 
displaced spectrum. 

In Table VIII are the results from spectrograms of mercury vapor 
in which the stationary- and displaced intensities were again separated 

by aid of the Dop- 
pler effect. Differ- 
ing from hydrogen, 
the displaced in- 
tensity is here 
greater than the 
stationar}^ only for 
the line ^2536; in 
all other lines the 
reverse is true. 

A comparison 
of the three preced- 
ing tables shows 
that the displaced 
intensity does not behave like the stationary, becoming smaller as 
the number of collisions diminishes along with the gas-pressure. The 
displaced intensity appears rather to depend solely upon transla- 
tional sj)ecd, with which it increases rapidly. This leads to the con- 
jecture that the energy of the displaced intensity is transferred to the 
carrier of the radiation, not by collision, but from the kinetic energy 
of Translation by means of radiation-pressure and during translation. 
The electron theory is confronted with the following question: Given 
a system of electrons in cyclic motion; suppose them so arranged 
that their total radiation is zero when the system is at rest with respect 
to the ether. Query: Will this neutral compensation between the 
radiations from the individual electrons still hold when the system 
has im})ressc(I upon it a translational velocity with respect to the 
ether ? 
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§ 13. Distribution of intensity, with Doppler effect. — For the suc- 
ceeding discussion let us make the following assumptions. The 
canal rays travel in parallel lines and experience no appreciable dis- 
persion; the cathode-drop during exposure remains constant to 
within a few per cent. The distribution of the canal-ray ions among 
the different velocities is given by the broken curve in Figs. 12^-12/; 
squares of velocities are plotted as abscissae, and the number of canal- 
ray ions assigned to each velocity is given by the ordinates. 

The intensity associated with any particular squared velocity (v') 
in the Doppler effect is proportional to the product of the number of 
particles (n) and the intensity of radiation (/) of the individual par- 
ticle having the velocity in question, so that we have E=n.J(v^,\). 
If J were independent of v' — i. e., if Sj/Sv^ =0 then the distribution 
of intensity in the Doppler effect would be proportional to the velocity 
distribution {E=kn), since each of the n values would be multiplied 
by the same constant. We shall assume, therefore, that 7 is a func- 
tion of v^ in exactly the same manner that the black-body radiation 
(Fig. 11) is a function of the absolute temperature. The J^v^- 
curve is that indicated by dotted lines in Figs. 120-12 f. 

In Fig. 126 it is assumed that the intensity J increases with an 
increase of v^ as indicated bv the dotted curve. Since J is vcrv small 
for small values of x^% we fmd E also small, notwithstanding the fact 
that n is large. The displaced intensity falls off, therefore, with great 
rapidity in the region of small velocities; so that between the sta- 
tionary and the appreciable, displaced intensity there lies a minimum 
of intensity. 

In Figs. 12c and i2d it is assumed that, for two lines in the same 
series, the intensity 7 is a function of the wave-length \; that, how- 
ever, the intensities 7, and J^ vary in a constant ratio, giving us 

In this case the total intensities in the Doppler effect, £, and E^, 
would vary in the constant ratio A^; the lines arc similar; the widths 
of the intensity-minimum and the distances of the intensity-maximum 
from the stationary line are also equal. 

In Figs I2e and 12/ it is assumed that, for two lines of the same 
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series, the intensity is a function of A.; that, however, the intensities 
do not vary in a constant ratio; accordingly 




dJ 



= 



Fig. 12 a 




dJ 



>0 



Fig 12 b, 




Fig. 12 c 







dJ(L) ^^ dJ(l,) 
Fig. \2d 




dJU,) 



Fig. 12 e 




Fig. 12/- 



— n = number of [)arti(les to v^. 

J ss intcn>ity for « = constant. 

E =s inti-nsity in Doppler cUcct. 

In this case the distribution of the total intensities, E^ and jE^, are 
no longer similar. If we assume that ^i>^2 ^^d that 
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then the width of the intensity-minimum for \ and the distance of 
the intensity-maximum from the stationary line are smaller than for 
\. As the wave-length of the series-line diminishes, the width of 
the intensity-minimum, and likewise the distance of the intensity 
maximum, increase. 

Before passing to experimental results concerning the distribution 
of intensity in the Doppler eflfect, the following sources of error should 
be distinctly recognized. It is not safe to compare with each other 
distributions of intensity in the Doppler effect for lines which do not 
have the same carrier. Nor is it admissible to compare with each 
other lines of the same series on different spectrograms; for it is 
impossible to produce two spectrograms under conditions which 
are exactly identical as regards cathode-drop, gas-pressure, and 
current-strength. The M7;'-curves of the two Doppler effects under 
comparison would not be identical in the two cases. The only reli- 
able method is to compare the intensity-distribution of the Doppler 
effect for lines of the same carrier and upon the same spectrogram. 

After this condition is satisfied, the problem is to compare distri- 
butions for lines of different intensities. Here errors are possible, 
owing to imperfections of the photographic method: the intensity, 
as measured by the blackening of the plate, may be underestimated 
in consequence of either over- or under-exposure. The results of 
§ 15 and 16 are certainly subject to such errors. In order to secure 
some accuracy for the results of § 16, I have employed as many 
spectrograms as possible both of long and short exposure. 

§ 14. The intensity-minimum oj the Doppler effect; condition 
necessary for its occurrence, — Wc define the width of the intensity- 
minimum of the Doppler effect as the distance between the red and 
blue edges of the displaced band and the red and blue edges, respec- 
tively, of the stationary line, corresponding to positions b and ^, 
respectively, of Fig. 4. If the intensity of the stationary line is great 
or the intensity of the displaced band small, then the photographic 
method yields too large a value for the width of the intensity-minimum. 
Indeed, an exact measurement of it is impossible; the numerical 
data concerning it have only a qualitative value. 

This intensity-minimum is found in all series-lines of hydrogen, 
and in all lines of mercury and nitrogen. Among the spectrograms 
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now before me I fail to find it only in the second doublet of the prin- 
cipal series of potassium; this appears to be due partly to the fact 
that its width in this case is small, and partly to the fact that the 
dispersion of the spectrograph was too small. 

The appearance of the intensity-minimum is to be explained not 
by the absence of the small velocities, but rather along the lines laid 
down in § 13, namely, that with small velocities the intensity of radi- 
ation from canal rays is small, just as with a low mean temperature 
the intensity of the purely thermal radiation is small. If, therefore, 
one wishes to demonstrate the existence of the Doppler effect with 
appreciable intensity for the lines of an element, he must work with 
canal rays of a maximum speed which is considerably greater than 
that corresponding to the width of the intensity-minimum. In Table 
IX are collected the widths of the intensity-minimum for some lines 
of the elements A', //, and Hg, 



TAHLK IX 



Element 



A'. 
II 



ilg. 



Wave-length 



40-17.4 / 

4044 ■ .S s 

4S61 . 5 
253^-7 



4046. S 



407S. I 



of Minimum 



(). I . I O- '! 



Necessary Cathode- ; DciJendence of Intensity 
Drop in Volts upon Temperature 



wry small, not 
iiica.Nurt'ti I 

8.4. 10-5 I 



2.3. TO-5 



3.7.10-"! 



^ 



•i in all 

2 2()— 687 ^ 

27^3—8229 
2589-6767 \ 



Found in Bunscn flanic 

May hf j>rocluccd in arc; 
not in Bunscn llanit^ 

Found in Bunscn flame 

Not in Bunscn flame; 
increases slowly with 
temperature 

( Not in Bunscn flame; 
5 1 60 — 1 5480 -J increases very rapidly 
( with tem})craturc 



In the fourth column two values of the cathode-drop are given for 
each line; the smaller is computed from AX and gives the actual 
velocity measured in volts; the second and larger value gives the 
drop which must be effective at the cathode in order to produce the 
observed velocitv in the canal ravs; accordinc; to § Sj the first value 
is from i .5 to 3 times smaller than the second. If, for instance, one 
is working with mercury with a catliode-drop of less than 3000 volts, 
he will not tlnd a trace of tlie Doi)pler effect at A. 4046; and at W 4078 
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and 5790, he will find, even with io,ocx) volts, scarcely a trace of the 
Doppler effect and only the stationary line. 

It appears from Table IX that the Doppler effect for any one of 
these lines appears for velocities which are smaller in proportion as 
temperature at which the line appears in purely thermal radiation 
is smaller. This is a result which might have been anticipated from 
what has been said in § 12 concerning the analogy between tempera- 
ture and square of velocity in canal rays. 

It is well known that observers have sought in vain for the Doppler 
effect in the positive column of the glow-discharge and in the electric 
arc. This negative result is a confirmation of the inference drawn 
above, namely, that there is associated with a small speed of transla- 
tion only a low intensity of radiation. The potential-drop in the 
positive column is much smaller than at the cathode, and hence the 
ions there located acquire a relatively small speed in the direction of 
the current. 

§ 15. The distribution 0} intensity in a series-term. — The three com- 
ponents (I, II, III) of the first subordinate scries of mercury triplets 
are themselves compound, as indicated in Table X. For these I 
have tabulated the widths of the intensity-minimum in the grating 
spectrum of the first and second order. As will be seen, these widths 
are equal for all components of the series-term; and I have found the 
same to be true for the distance of the maximum intcnsitv from the 
stationar}'' line. Within a series-term, therefore, the distribution of 
intensity of the Doppler effect is the s;ime for all comj)onents; accord- 
ing to § 13 the intensities of the components of a series-term vary in a 
constant ratio; this is independent of the square of the speed. 

A comparison of the last two columns of Table X shows that 
within the series-term the ratio of the displaced to the stationary 
intensity is constant; the intensity of the line 2967 with which the 
others are compared is taken as unity. 

It has been found bv Kiich and Retschinskv' that on varvin": the 
load (temperature, vapor-pressure) of a mercury lamj) the lines 5461, 
4359, and 4047 increase and decrease in a constant ratio. These 
three lines are the components of tlie first term of the second suljor- 
dinate series of mercurv. Thev fmd the same phenomenon in the 

I Annalen der Fhy.uk, 20, 563. i(;of). 
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TABLE X 



II 



III 



Wave- Length 

3663.46) 

3663.05 5 

3655-00 

3650-31 

3131-95 ( 

3131-665 

3125.78 

2967.64 ) 

2967.37 ) 



Width First 
Order 


Width Sec- 
ond Order 


1 

1 Displaced 

' Intensity 


458 


969 


2 


429 

• • ■ 


921 
949 


3 
10 


436 


998 


4 


432 


995 


3 


438 


977 


1 I 



Stationary 
Intensity 



3 
10 

4 
3 



case of the lines at W6908, 6234, 5790, 4348, and 4078. We may 
therefore conclude that these lines represent the components of one 
and the same series-term (§6). 

The preceding results suggest the following generalization and 
hypothesis. In any one term of a spectral series the distribution of 
intensity among the components is independent of the mode of 
excitation; but the absolute intensity of any component (and hence 
of all the other components), or the absolute intensity of the entire 
term, is a function of the mode of excitation (speed of canal rays, 
temperature). When viewed from an energy standpoint, or w^ith 
reference to the amplitude of acceleration in the source of emission, 
the components of a series-term appear to be connected in some way 
in the ion. 

It may be noted, in passing, that this relation between the com- 
ponents of a series-line may serve as a means for finding which lines 
are the components of any term. 

§ 16. Distribution oj intensity in a series. — In the second column 
of Table XI are given the reduced widths of the intensity-minimum 
of the Do])pler ellect for the series-lines 7//^, 7/7, 7/ 8, 77€, as observed 
on a grating spectrogram; in the third and fourth columns are col- 
lected the displaced and stationary intensities. We see that the 
width of the intensity-minimum increases as the wave-length dimin- 
ishes through the series. 

In Table XII arc given the values of the scjuared velocities, as 
derived from a number of spectrograms, for which the intensity in 
the Doppler effect is a maximum for the series-lines 77/?, 777, Hi, 
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TABLE XI 



Wave-Lcngth 


Breadth of 
KCnimum -r- 


Displaced 
Intensity 


Stationary 
Intensity 


HB 4861 . «; 


426 
470 

492 
516 


7 
6 

3 

I 


5 
6 


Hy 4^40.7 


i/? 4IOI.8 


3 

I 


He 3970.2 



and He. As will be observed, the intensity-maximum is associated 
with larger velocities as the wave-lengths diminishes. .The three 
bracketed values for He appear to form an exception to this rule, 
probably because the measurement of He is rendered uncertain by 
a neighboring line not belonging to the series. 

TABLE XII 
Square of Velocity Corresponding to Maximum Intensity 

(Unit=»io** cm*/sec») 



Wave-Length 


1 1 
I ' 2 3 

1 


iV/3 4861.5 

Hy 4340.7 

Hd 4101.8 

He 39 . 702 .... 


1 1 
4.481 5.53, 

5.o2j .... 6.04 

.... 1 5 • 5 • • . ■ 
• • • - 1 5-59 • • . • 1 



3 65' 
7-031 
7-24, 



5 


6 


t 

7 8 9 


4.86 
6.90 


• • « • 

7-95 
9.24 


1 

8.221 9.37 

8.15' 8.46 ' 12.00 



10 



7-47 
12.89 

12.92 

[8.84]! 9.131 [7.10] 12.33 [12.74] 



When the direction of the canal rays and the direction of observ^a- 
tion are at right angles, one obtains, as already indicated, the sum of 
the stationary and the displaced intensities. However, the latter is, 
in the case of hydrogen, considerably greater than the former; hence 
the error will not be large if one places the observed total intensity 
equal to the stationary (displaced?). 



Wave-Lcngth 



TABLE XIII 



Oltservcd Catho«le Drop in Volts 



2500 



HP 4861.5 

Hy 4340.7 

Hd 4101.8 

He 3970.2 

Hi: 388<;.i 



24 
12 

4 
2 

I 



3300 



24 
12 

4 
2 
I 



4600 



18 

12 

4 
2 

I 



■^oo 



24 

8 
2 
I 



^500 



24 

3^ 


3 
I 
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TABLE XIV 



Wave- Lengths 



///3 4861.5 

Hy 4340 -7 

Hd 4101.8 

lie 3Q70.2 

Hf 3S8c).i 

i/17 3835 -6 



Observed Calhode-Drop in Volts 



2000 



20 

16 

8 

4 
2 

I 



3300 


3SOO 


5000 


7SOO 


24 


26 


24 


27 


30 


36 


36 


54 


12 


12 


18 


27 


4 


4 


6 


9 


2 


2 


3 


3 


I 


I 


I 


I 



7500 

27 

54 

27 

9 

3 

I 



This has been done in Tables XIII and XIV, the former having 
been obtained from a grating spectrogram, the latter from a prism. 
In each of these tables the values of the displaced intensities are given 
for different values of the cathode-drop, the unit being the weakest 
line of the series, if ? and Hrj respectively; it is to be remembered 
that the sensitiveness of the photographic film in the Hy-H^ region 
is somewhat variable, while at i7/3 it is considerably smaller than at 
Hy, 

If one compares the intensity of distribution for various values of 
the cathode-drop, as observed on the electrometer, he is struck by two 
features which repeat themselves with regularity. First, in the hydro- 
gen series — the intensity-maximum shifts toward the smaller wave- 
lengths as the velocity increases; and, secondly, the decrease of 
intensity, in the ultra-violet terms, just above the maximum, is steeper 
in proportion as the maximum moves toward the shorter wave- 
lengths. 

The analogy between these two phenomena and the dependence of 
the intensity of black-body radiation upon temperature is at once 
evident. As is well known, and as may be seen at a glance from 
Fig. 13, the maximum of intensity of black-body radiation shifts in 
the direction from red to blue with rising temperature; and further 
the decrease of intensity on the side of the short wave-lengths, just 
al)ove the maximum, becomes sleeper as the maximum approaches 
the blue — i. e., as the lemi)erature increases. 

We may suppose that the line-spectrum emitted by the arc or by 
the condensed spark at atmospheric pressure is principally a thermal 
radiation. After hnch'nj^ the two characteristic features of intensity- 
distribution in a series which have been mentioned above, the follow- 
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ing question occurred to me. In the case of thermal radiation of 

a series of lines, does an analogous law hold for the distribution of 

intensity throughout the series ? If so, and if the temperature of the 

condensed electric spark is higher than that of the arc, then we should 

expect the maximum of intensity for the series to lie nearer the blue 

in the case of the spark than in the case of the ^^^ 

arc; not only so, but we should expect the blue „^ 

side of the maximum to be steeper in the case /2^ 

of the spark than with the arc. So far as I m 

have been able to test these conclusions, from /oo- 

the data concerning intensity which have been «? 

given in an incidental way by those who have 

measured wave-lengths, I find them verified. I 

will give merely the following example. 

The values for the intensity of arc-lines 
given in Tables XV-XIX are from Kayser and 
Runge; those for the intensity of the spark- 
lines in Tables XV, XVIII, and XIX from 
Eder and Valenta; and those in Tables XVI 
and XVII from Exner and Haschek. Tables 
XV and XVI contain doublets; Tables XVII, 
XVIII, and XIX, triplets. In Table XVIII the principal line of each 
series-term is indicated by an asterisk. 

On comparison of the five following tables, one observes the fol- 
lowing regularities. First, if the intensity-maximum lies within the 
series (Tables XV and XVII), it falls upon a shorter wave-length in 
the case of the spark than in the case of the arc. Secondly, the inten- 
sity of the series-terms just above the maximum falls off much more 
rapidly in the spark than in the arc. 

Tables XVIII and XIX show also that the inlcnsitv-distribution 
in a series-term (§15) docs not follow the above law for the intensity- 
distribution in the series. For instance, the second or third compo- 
nent of the mth term of a scries may have a shorter wave-lcnglh 
and yet a greater intensity than the first component of ?;z4-ith term. 

§ 17. Widening oj Hues hi a scries by 7)1(0 ns oj Do p pier efject. — In 
a gas which is made luminous ])y purely thermal means, and which is 
emitting a line-spectrum, the '* carriers" of the radiation have their 
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velocities in all possible directions; in consequence of Doppler's 
principle the lines will therefore be widened on both sides. K the 
density of the luminous particles remains constant, this widening must 
increase with the temperature. These are inferences which have 
already been drawn by other observers. Our purpose here is merely to 
call attention to the bearing which the above results concerning the 
dependence of the intensity of radiation upon translational velocity 
has upon this type of widening. 



TABLE XV 
Potassium, Principal Series 



TABLE XVI 
Aluminum, Second Subordinate Series 



Wave-Lencth 



Intensity 



Wave-Length 



Arc 



Spark 



7690 . . . 
7666 . . . 

4047.04 
4044.3 . 

3447-5 • 
3446.5 . 

3217.8. 
32I7-3. 

3102.4. 

3102.2 . 

3034-9 . 

2902.3 . 

2963.4 . 
2942.8. 



10 
10 

8 
8 

6 

8 

4 
6 

2 

4 

4 
2 
I 
I 



8 
8 

10 
10 

10 



3961.68 
3944.16 

2660.49 
2652.56 

2378- 52 
237345 

2263.52 
2258.27 

2204.73 
2x99-71 



TABLE XVII 
Zinc, Si:cond Suiiordixate Skries 



Wave-Length 



Intensity 



Arc 



Sfx'irk 



48:0. 71 
4722. 26 

4680 . T,>^ 
3072 . 19 

3035 ■<) 3 
3C1S. 50 

2 7 1 2 . 60 

26S4, 2() 
2670. 67 



10 
10 
10 

ID 
10 

s 



/ 
6 



500 
300 

10 
5 



Intensity 



Arc 



10 
10 

10 
10 

6 

4 

8 

2 

4 

I 



Spark 



100 

3 

2 

? 
2 

I 



Wave-Length 


Intensity 


Arc Spark 


2n()7 .00 


5 
5 
4 

4 

3 
2 


I 


2n.12.s^ 




' 2530.34 

2403 ^>7 

24fH^72 

24^7 . 72 




1 

244') 76 

2427 .0^ 


I 
I 
I 




241 s . n4 
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TABLE XVIII TABLE XIX 

Mercury, First Subordinate Series Mercury, Second Subordinate Series 





Intensity 

1 


Wave-Length 


Intensity 


Wa\'e-Lincth 


Arc 


1 
Spark 1 


Arc 


Spark 


/ "1667.4.6 


( 5 

5 
10* 

! « 

10* 
1 10* 

2 
2 

4* 
5 

5 
8* 

10 
7* 

4* 
4* 
5* 

2* 

4* 
I* 


Q ' 

8 
10* 

10 1 

10* 

10* 1 

1 

• • 

8* j 
I 1 


5460. 07 


10 
10 

5 

5 
5 
9 

8 
8 

5 

5 
5 
4 

I 


10 


1 00 *r^ 

1 -1662.05 


47!;8. «;6 


10 


/ *'J 

J 2655 .00 


4046. 78 


10 


\ 26';o. XI 


7 741 . 70 




\ jvjw. j«. ........ . 


8 


( ^I^I.O^ 


o«3*T* • /^ 

2807.67 




1 V D 


10 


■J ^1^1.66 


27^2 .01 




i \J \J 


8 


{ 7125. 78 


" 1 D"^ 'V 

2021; .<l 




VO^J'/'^ 

\ 2067. 64 


3 
6 


/ 2067. 77 


25:76. 7T 


V V/O/ 


.~/"0' 

2464. I^ 


4 


( 7027.66 


27?0 .87 




I 1 

"\ 7027.64 


2 


J 0^*0 "t 

( 7021.68 


2446.06 ... 


T 


( 26n^ .20 


■* tn >-' • y «-' ■ . . . 

2 74 c 41 


2 


■{ 26:^7.80 


^ 1 
I 


*0"T J • *T * 




1 5J"V 


4* 
10 


267 cJ .20 


• • 


(. 2652.22 

2^76. 12 


■* / J • -"^ 




"JO • ** 

2? 74. 80 


7* 




2807.60 


I* ' 
2* 

1 






^/ 

2482 . 14 




2778.40 




01 ^ ......... 

2600. 74 




*^w /*t 

2 700 .64 


1 
■ • 




2701 . R7 




* D t 









At a distance A\ from a stationary line produced by thermal radi- 
ation one may obser\T an intensity which is due to a large number of 
carriers; all velocities greater than rX^^/^ rnay indeed contribute 
to this intensity. If the angle between the direction of the velocity and 
the direction of observation be denoted by a, then all particles for 
which 



AX 



v cos a = r . 



will contribute to the intensity E at AX. Let n, be the number of 
particles which have the speed Vi and have also the direction (a,-) 
prescribed by the preceding ecjuation. Then, according to § 13, the 
total intensity becomes 

£ = ;/i 'J{K i'l) + fi2 'J{>^, i'l) + . etc. 

It is at once clear that the widening, due to the Doppler elTect in a 
line produced by thermal radiation, is a comi)licatcd function of the 
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temperature; and so long as the function / i\v^) is unknown this 
distribution of intensity cannot be computed. 

According to § 15 we have for the components of any one term in 
a series 

8/(X,) 8/(X,) 



87;* ' 81/3 



=k. 



This shows that these lines, widened by means of the Doppler effect, 
have the same distribution of intensity when the reduced measure, 
A\/X is employed. 

But for the terms of a series this theorem does not hold. For 
according to § 16, we have for this case 






Hence the intensity-distribution in the reduced widening of the lines 
of two different terms in a series is not the same. The larger AX/X 
becomes, the greater is the intensity in the widened parts of the short 
wave-lengths as compared with the long wave-lengths. As the tem- 
perature rises, the broadening which is visible increases more rapidly 
for the blue than for the red terms of the series. 

PART III. TRAXSLATIOXAL VELOCITY AXD WAVE-LENGTH 

§ 18. Introduction, sources of error. — As indicated above, the ions 
in the canal rays have a high speed and emit at the same time a line- 
spectrum whose intensity increases rapidly with the square of the 
velocity. Those amplitudes in the centers of emission (negative 
electrons) in the ion which arc sufficient to emit light must therefore 
increase raj)idly with the square of the translational velocity, and they 
must simultaneously experience in a direction opposite to that of 
their translation, a light-pressure whose value is proportional to the 
rapidly increasing intensity of radiation and to the velocity of trans- 
lation. Both the increase in the amplitude of the centers of emission 
and the li.i^ht-prcssure will combine to produce a slight deformation 
of the "ciirrier" of the radiation, the positive ion. The question 
now arises as to whether this deformation will produce a perceptible 
change of wave-length. 
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This question may be replaced by another consideration which 
would appear to be valid when the system of electrons (positive 
ion) in translation emits no electromagnetic waves during the transla- 
tion. Between the electrons of an ion {Atomion) there are doubtless 
electromagnetic forces at work. The variations of these quantities 
are propagated through the ether with the speed of light c; and if the 
sources of the electric lines of force, the electrons, have themselves a 
velocity v, there will result from the composition of these two velocities 
a modification of the electromagnetic forces between the electrons, 
which will be measured by the even powers of the ratio v/c. The 
question now is whether this modification of the electromagnetic 
forces in the ion will bring about an appreciable change in the wave- 
lengths emitted. 

Since the variation of wave-length in question is a function of 
v'/c% it ought to be possible to observe it by eliminating the Doppler 
eflfect — i. e., by placing the direction of observation at right angles to 
the direction of translation, hence normal to the direction of the 
canal rays. In a preliminar)^ paper I have already described some 
observations of this kind made with a prism spectrograph; as the 
speed of the canal-rays increased, the wave-lengths emitted seemed to 
shift toward the red : in two instances He appeared to break up into 
two components; in every case the total radiation was polarized in 
such a way that the vibrations parallel to the direction of translation 
were a trifle stronger than those normal to this direction. 

The experiment dealing with the polarization of light from canal 
rays I mean to take up again. The question concerning the displace- 
ment of the lines I have already investigated with the concave grating. 
The results are described below. But first let me state that, in mv 
opinion, these results do not conclusively prove that the translation 
of a radiating particle produces a change of wave-lenglh proi)ortional 
to the square of the velocity. I am unable to say to just what extent 
the observations are affected bv error. 

It is possible, of course, that the observed (lis})lacement is partly 
due to the Doppler elTect. In order to separate these two, the direc- 
tion of observation — i. e., the line joining thu sHt and the center of 
the grating — must be exactly j)erpen(licular to the beam of parallel 
canal rays. By the aid of a large iron srjuare I have always taken 
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particular pains to make these two directions mutually perpendicular; 
in several cases I left this part of the adjustment to Messrs. Kinoshita 
and Siegel. In spite of this care, and notwithstanding the fact that in 
every case the displacement was toward the red end, it is possible 
we have systematically placed these two directions out of plumb; in 
any event, it is not possible to make any definite statement concerning 
the amount of the error. In one case where the cathode-drop was 7500 

o 

volts the displacement of the middle of Hy was 0.42 A. U. tow^ard 
the red. To produce such a shift by means of the Doppler effect 
with a maximum velocity of 0.5X7500 volts (or 8.38X10' cm sec.) 
would require that the canal rays move aw^ay from the slit at an 
angle of 91° 59', the error in adjustment thus amounting to 1° 59'. 

It is possible, too, that my observations and results are affected by 
still other errors. Since the experiments are new, and since definite 
experimental evidence of shift of the lines toward the red would be a 
matter of great import, my observations may be fairly received with 
a certain amount of mistrust. However, I here state them in order 
that the reader miiy form his own judgment as to what has been 
obtained by the means at my disposal, and in order that this may 
possibly lead to more reliable investigations. 

§ 19. Widening oj lines when directions oj obsen'ation and trans- 
lation arc at right angles. — In Table XX are given the widths of the 
lines 7//3, Hy, and 7/8 as they appear in the negative glow and in 
canal rays for different values of cathode-drop. In the first half of 
each double column the value of the line is given in terms of |> { ^ mm ; 
in the second half the value is given in terms of JlS as a unit. It will 
be observed that in genend the width of each line increases with the 
speed of translation, //8 widening more rapidly than Hy, and Hy 
more ra[)i(lly than ///3. 

TAHLK XX 
Width or Lints at DiFiiuKxr (Vxthodk-Dkois (\'olts) 

{I'nh -- M } mm) 



Linr Ne^'. (ilow 25oo\'()lis 3400 N'ulis 4^'ou\'olis 7i;oo Volts 8000 Volts 



]{ti...\ i.S-5.> J . 7^' i«>..^> i' :? I 20.20 2.^2 iS.(j:; i.()4 21.23 1.93 28.80 
lly...^ ('.-^ 1.3S 15 23 1.74 15.27 i.(>o 13. 7') 1.41 19.33 1-40 25.23 
lib.. 4.(^0 1 S.7() I '^ 5.^ 1 076 I 11.00 r '16.33 



1 . 76 
I 54 



RADIATION OF CANAL RAYS IN HYDROGEN 191 

The aperture of the grating used was 8.6 cm, the distance of the slit 
from the center of the grating being 100 cm. Those canal rays which 
sent light just to the edge of the grating would furnish rays of light to 
the observer under an angle of 2° 27' with the axis of the grating. 
From this would result a widening of the line by Doppler's principle. 
In the second colunrui of Table XXI are given the values of these 
widths computed on the assumption that the actual speed is 50 per 
cent, of that which one would expect from the cathode-drop. The 

o 

third colunm contains the obser\'ed values computed in Angstrom 
units from Table XX. 

TABLE XXI 



Cathode-Drop in Volts 



o 



WiDTii OF Hy IN A. U. 



Computed Observed 



2500, 
3400, 
4200, 
7500. 
8000. 



0.60 I 1.24 
0.70 I 1-25 
o. 77 I 1 . 12 
1.04 I 1.58 
2.06 



1 .0 



/ 



§ 20. Displacement 0} middle oj line toward red. — By the aid of a 
Zeiss comparator, I measured the distance of the following lines from 
if yS, several times on each grating spectrogram, namely, several band- 
lines [2), 3), 4), 7)], two mercury lines [5) =4358, 8) =4047], and the 
line Hy. Table XXII gives three examples of such measurements. 
In the first part of each principal column is given the mean of three 
series of measures; besides this the mean error is also stated. Those 
columns which are headed '* reduced" contain values computed as 
follows. Under the conditions em})loyed it seems probable that the 
band-lines and the mercury lines in the canal rays suffer no displace- 
ment; accordingly the spectrograms of the canal rays were reduced to 
those of the negative glow as a])pears from Table XXII. For each 
spectrogram the following dilTerences were computed: 

8)-7), 8)-5), 8)-4), 8)-3), 8)-2), 7)-5), 7)-4), ))~3\ l)-^), 

5)-4), 5)-3)' 5)-2)' 4)-3), 4)-2), 3)-2) 

Then the quotient of each difference for the negative glow by the 
homologous difference for the canal rays was taken; the mean of all 
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TABLE XXII 





Neg. Glow 


Canal Rays 4200 Volts 


Canal Rays 7500 Volts 


Line 




Mean 
Error 


Dist. of HP 


Mean 
Error 


Dist. of Hfi 


Mean 




Obs. 


Reduced 


Obs. 


Reduced 


Error 


2) 

3) 

4) 

5) Hg . 

6) Hy . . 

7) 

8)Hg.. 


T3958.7 
22327.3 

27585-0 
30910.3 
32005.3 
40312.0 
50024.3 


• • ■ • 

0.66 
0.88 

370 
2.85 
0.66 
3-21 
2.96 


14013-3 
22371.7 

27651.3 

30967-3 
32048.3 

40355 
50079.7 






13994-3 
22351.0 

• • • a • « 

30957-7 
32062.0 

40325.7 

• ■ • • • • 


14001.3 
22362. I 

30973 -2 
32078.0 

40345-8 




14015 

22374 

27654 
30071 

32073 

40360 

50086 


I 
6 

9 

3 

5 
2 

2 


3 
3 

4 

3 

2 

3 

3 


32 
27 
03 
27 
44 
87 
91 


T.60 
2.18 

• • ■ • 

2.05 

0-13 
2.72 

• • a • 



these quotients gave the reduction-factor for the spectrogram of the 
canal rays; the "reduced" distances were obtained by multiplying 
all the obser\'ed distances on any one spectrogram by its reduction- 
factor. In those plates taken with 4200 volts, the reduction-factor was 
1 .00013; with 7500 volts it was i .00050. After the reduction of the 
spectrograms, the following differences were computed: 

2);t-2)^, 3)f^~3)^, 4)^^4)^, S)k~S)gi 7)a-7V ^\-^\ 

where the subscripts ^^ and^ refer to spectrograms of canal rays and 
glow discharge, respectively. The mean of these differences is the 
displacement of the middle of the line Hfi in the canal rays with 
respect to the middle of the same line in the negative glow. Besides 
these the following differences were computed. 

[6) -2)]^- [6) -2)1,, [6)-3)]^-[6)-3)],., [6)-4)],-[6)-4)]„ 
[6)-5)],-[6)-5)],, [7) -6)],- [7) -6)]^, [8)-6)],-[8)-6)]^. 

The mean of these differences is the displacement of the middle of the 
line Hy in the canal rays with respect to the same line in the negative 
glow. 

T.\BLK XXIII 



Cat HOI) h 


D 


KOP 


IN 


Volts 




IN Anc.sirom 


Units 




7/^ 


i/Y 


4200 . . , . 










o<)3 
0.71 1 


1 7 


7500.... 


- • 






.... 


0.42 
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Table XXIII contains the displacement of H^ and Hy computed 
in this manner for cathode-drops of 4200 and 7500 volts. 

§21. Displacement of series-lines by rise 0} temperature, — In the 
second part of this paper we have discussed the far-reaching analogy 
between speed of translation and intensity of radiation for canal rays, 
on the one hand, and temperature and intensity of thermal radiation, 
on the other hand. If the displacements observed above have not been 
produced by the Doppler effect, but are really a function of v^/c', we 
may draw the following conclusion from the analogy just stated: 
Lines emitted by a gas made luminous by thermal means, when com- 
pared with stationary lines, such as those of the negative glow, should 
be displaced toward the red in proportion as the temperature of the 
luminous gas is increased. 

It has been certainly proved' by Jewell, Humphreys, Mohler, and 
Ames that the lines of the arc-spectrum are slightly shifted toward the 
red as the pressure about the arc is increased. My own experience, 
and the results of Kiich and Retschinsky^ with the mercury arc, leave 
no doubt that along the axis of the arc the temperature rises with the 
potential-drop and with the energy used per cubic centimeter; on the 
other hand, when the pressure is constant, the temperature varies only 
slowly with the current-strength; for, in this case, it is only the cross- 
section of the arc and not the energy per unit volume that increases. 

Ames and Humphreys^ report that the difference of wave-length, 
for the D lines, between the Bunsen flame and the arc does not exceed 
0.002 A. U. Now, the temperature at the center of the arc is very 
considerably higher than that of the Bunsen flame; however, its value 
falls off rapidly from the axis to the outer layers of the arc. For any 
one line, therefore, the obser\'ed intensity is made up of components 
from different layers of the arc, each at a high temperature. If the 
line is found in the layers of low temperature — i. e., the outside layers 
— then the radiation from the inner layers will be absorbed by the outer 
layers, and the observed intensity will be principally that of the outer, 
not that of the inner and more highly heated, layer. 

Thus the lines actually observed in the principal and two subordi- 
nate series may have their origin in one and the same arc, at the same 

I Kayscr, Handhuch der Spccktroskopic, 2, 322, 1Q02. 

* Annalcn der Physik, 20, 563, i(;o6. 3 Phil. Mug., 44, 119, 1.S97. 
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pressure, but at diflferent temperatures. The above-mentioned investi- 
gators found that in the three series the pressure-shift was in the ratio 
1:2:4. 

Still another inference is to be drawn. According to § 16 the radi- 
ation-temperature for a series of lines is higher in the spark than in the 
arc. If, therefore, the influence of temperature upon wave-length is 
that which is here imagined, the spark-lines should be slightly displaced 
toward the red when compared with the arc lines. As to whether this 
is the case, there appears as yet no agreement' between observers 
who have studied the question, namely, Exner and Haschek, Kayser, 
Eder and Valenta, and Kent. 

My thanks are due to Professor Riecke, who has throughout this 
work been cordial in his support and has placed at my disposal the 
necessary apparatus. I wish also to thank Professor Runge for 
kindly loaning me his short-focus concave grating. 

I Kayser, Handbuch der Spectroskopie, 2, 308; Zeitschrijt jur wissenschajtliche 
Plwiographic, 3, 308, 1905. 



THE CHARACTER OF THE STAR IMAGE IN SPECTRO- 

GRAPHIC WORK 

By J. S. PLASKETT 

The object of this paper is to describe some experiments on the 
size and form of the star image given by the combination of objective 
and correcting-lens, v^ith an investigation into the causes of the 
observed effects and suggestions for the improvement of existing 
conditions. 

The equipment of the Dominion Observatory, Ottawa, for radial- 
velocity work consists of a 15-inch telescope with a Brashear visual 
objective and photographic correcting-lcns, and a spectroscope of 
the universal type, also by Brashear. The objective for visual pur- 
poses is excellent, and the spectroscope is admirably adapted for 
general spectroscopic work, but, as the experience of others as well 
as myself has shown, is not suitable for the accurate determination 
of radial velocities. Its design as a universal spectroscope does not 
give sufficient stability, and, in exposures of any length, flexure will 
not only ruin the definition, but is liable to introduce systematic 
errors in the velocities obtained. Pending the construction of a 
spectrograph specially designed for the required purpose, an attempt 
was made to render the present instrument capable of giving accurate 
velocity values. The investigation and removal of the known 
sources of error led to the discovery of the aberrations to be presently 
described. A brief description of the stej^s leading thereto may be 
of interest. 

Trusses connecting the various parts of the instrument, where 
flexure could occur, with the supporting tubes were ajjplied to such 
effect that an initial displacement of the spectral lines, equivalent 
to a velocity of 30 km per second, occasioned by a movement of tele- 
scope and spectroscope through two hours in rii^ht ascension, was 
reduced to ij km. The prisms were firmly clamped in place, without 
inducing strains in the glass, by screws })assing through the base of 
the prism-box and the minimum-deviation linkwork into the prism- 
cells. The slit-jaws, originally too thick on the edge, were rcground. 
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and the occulting diaphragms for star and spark light were removed 
from the slit-head and placed on an independent frame attached to 
the supporting tubes. The comparison apparatus was remodeled, 
the direction of the spark being made transverse to, instead of parallel 
with, the slit-jaws, and many other smaller details were carefully 
attended to. 

After all known sources of error in the spectroscope itself had been 
overcome, and after it had been placed in thorough adjustment, 
it was found that test spectra of the standard-velocity stars occasionally 
gave values differing by as much as 3 km per second from those 
obtained by other observers. As the probable error of the mean of 
the measured lines did not exceed four-tenths of a kilometer, and as 
all the other knovvTi causes of systematic error had been overcome, 
it seemed probable that this might be due to unsymmetrical distribu- 
tion of the star light over the collimator and camera lenses. Evidently 
such unsymmetrical distribution can cause a displacement of the 
lines only when the camera is not in exact focus. The camera was 
alwavs carefullv focused bv a modification of NewalPs method, which 
readily detected displacements of the sensitive surface from the focal 
plane of less than 0.05 mm in a focal length of 375 mm. But as the 
plates are supported only at the ends of the plate-holders, differences 
in the curvature of the glass may easily cause differences of o.i mm 
or more in the i)osition of the center of the sensitive surface, where 
all measurements are made. In the case of a displacement of o. i mm 
from the focus, a distribution of the star light on the collimator objec- 
tive so that its center of intensity is 5 mm to one side of the axis, is 
sufTicient to cause a displacement of the spectral line 3 7 5 X j^ = ^^^ mm 
ec^uivalent to a velocity of i .8 km per second. 

An examination of the illumination pattern on the collimator lens, 
both visual and i)hotographic showed how easily such or even greater 
displacements of the center of intensity could occur even with the 
utmost care in guiding. The illumination could never be made 
uniform, no matter how the relative positions of slit and correcting- 
lens were altered. The pattern was either a diametrical bar parallel 
to the slit of a width about one-third or one-fourth the aperture, or else 
such a h'AX with the addition of a peripheral ring; while a very slight 
movement of the slit-jaws to one side or other was sufficient to cause 
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one side only of the lens to be illuminated, without causing any 
appreciable change in the appearance of the image in the guiding 
telescope, guiding being done by means of light coming through the 
slit. It is easy to see how the center of intensity of the star light could 
be displaced without the observer being aware of the fact, thus caus- 
ing a displacement of the star lines unless the plate were in exact 
focus. 

The appearance of this pattern and its behavior for change of 
slit position indicated spherical aberration of the condensing system. 
That aberrations of some nature were present was indicated not only 
by the long exposures required — upward of two hours for a star of 
the fourth photographic magnitude — but also by the large effective 
diameter of the image as shown by the wide opening, 0.25 mm, of 
the slit required to obtain uniform illumination. 

An examination of the corrccting-lens showed that part of the 
difficulty might arise from the accidental inversion of the diverging 
element, which had been so placed in the cell that surfaces of unlike 
curvature were adjacent to each other. On inverting this concave 
element so that surfaces of like radius of curvature were in contact, 
the illumination pattern became more uniform, the required exposure 
time was diminished by 50 per cent, and no errors of a greater magni- 
tude than should be expected with the dispersion employed, appeared 
in velocity determinations of standard stars. If the diameter of the 
object-glass, 15 inches, and the linear dispersion of the spectrograph, 
18.6 tenth-meters per millimeter at 7/7, be taken into account, 
the exposures required — less than an hour for stars of the fourth 
photographic magnitude — compare very favorably with those of 
other equipments. 

Notwithstanding the great improvement shown, photographic 
tests of the star focus for difTercnt temperatures indicated that the 
star spectrum was much wider than could reasonably be accounted 
for by atmospheric disturbance, and I was led to make thorough 
tests of the character and diameter of the image. 

To determine whether a narrower spectrum could be obtained 
by a change in adjustment, a plate was made for each of six settings 
of the correcting-lens, above and below its computed position, over 
a range of four inches. A simple device applied to one of the plate- 
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holders enabled ten successive star spectra to be made side by side 
on each of these plates, at different settings of the slit position in the 
neighborhood of the star focus; the sixty spectra forming a record of 
the diameter of the star image under varying conditions. To insure 
that the spectrum had not been widened by a drift of the star image 
along the slit, the spectroscope was turned in position angle until 
the slit-jaws were parallel to an hour circle. By opening the slit 
0.2 mm, and by using a bright star, Vega, a fully exposed linear spec- 
trum was obtained in eight or ten seconds, evidently with no chance of 
widening due to drift. The width of the narrowest part of the narrow- 
est spectrum on each plate, presumably where the star was in focus on 
the slit, was measured, and these widths ranged from 0.085 to o. 115 
mm. As the camera and collimator objectives are of the same focal 
length, and as one second of arc in the focus of the refractor is equiv- 
alent to 0.0275 mm, the diameter of the star image according to this 
test must be between 3" and 4^5. The diameter of the central dif- 
fraction disk as given by the formula d=— — ^^ is, for a 15-inch 

objective and Hy light, about 0^57, while the actual effective diam- 
eter as obtained from the width of star spectra is five to eight times 
as great. 

This enlargement of the diffraction image may be due to three 
causes: (i) aberrations in the spectroscope; (2) atmospheric distur- 
bances; (3) aberrations in the system of objective and correcting-lens. 

I. Aberrations in the spectroscope. — It is a simple matter to deter- 
mine whether the wide star spectra obtained are due to this cause, 
for by direct photography of the star image no aberrations in the 
spectroscope can affect the result. A series of star trails was there- 
fore made on ordinary plates by the system of objective and correcting- 
lens. A small plate, held in guides in the slit-cap of the spectroscope, 
could be moved in these guides between exposures so as to make a 
number of trails on each plate. The collimator tube, carrying the 
plate with it, was moved by the rack and pinion about a quarter of a 
millimeter between each exposure, to insure having one of the trails 
within an eighth millimeter of the focus. A plate each was made 
of six stars ranging from the third to the sixth magnitude, and the 
width of the narrowest trail on each plate, corresponding to the 
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position where the star was most nearly in focusj was measured. 
Although the conditions of seeing both for trails and spectra were 
above the average, about 3 in a scale of 5, the trails were not continu- 
ous but broken and jagged, owing to atmospheric disturbances, and 
the measurements were made in two ways: first, of the width of 
narrow short parts of the trails where the seeing had been momentarily 
steady; and, second, of the average width of a longer strip of trail. 
In the first series of measurements the widths varied from 0.070 mm 
in the fainter stars to o . 1 10 mm in the brighter stars, while the average 
widths of longer strips were about 20 per cent, greater. Since the 
widths of spectra were practically the same, it is evident that the 
cause must be sought in the star image itself, and is not due to aberra- 
tions in the spectroscope. 

2. Atmospheric disturbances. — Newall in his paper on the design 
of spectrographs' has introduced a very useful conception, that of 
tremor-disks, and he states that atmospheric disturbances enlarge 
the effective diameter of the star image. Such enlargement may be 
due either to bodily displacements of the image from its mean position 
or to the spreading-out of the central image into a more or less expand- 
ed disk. He considers that the actual effect, so far as getting light 
through the slit of a spectrograph is concerned, is the same as if the 
image consisted of a central core from i" to 2" in diameter surrounded 
by a more or less diffuse and gradually diminishing portion, the whole 
diameter being in the neighborhood of 4" or 5". If we accept 
Newall's estimates as correct, and if we remember that in no case 
was a sufficiently long exposure given to allow the outlying parts of 
the tremor-disk to increase the width of spectrum or trail, then the 
diameter of the image given by llie Ott.iwa objective and correcting- 
lens, even allowing the extreme limit assigned by Newall for atmos- 
pheric disturbances, is nearly twice as grei.l as it should be. 

It is also a simple matter to lest this conclusion experimentally. 
As the objective gives excellent visual defmition, it may be safely 
assumed that the visual star image is of normal diameter. A measure- 
ment of the width of spectra and trails produced by the visual image, 
and a comparison with the widths given by objective and correcting- 
lens in photographic light, should at once decide whether the observed 

* Monthly Notices, 65, S08, 1005. 
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effect is due to atmospheric tremor. The correcting-lens was there- 
fore removed, the spectroscope was adjusted for yellow light, and 
spectra were made similarly to the previous ones, though on Cramer 
Isochromatic plates, which have a pronounced band of sensitiveness 
almost identical in wave-length with the turning-point of the color-curve 
of the objective. The widths of the spectra produced varied between 
0.050 and 0.065 ^"^> about 2", but as the seeing was very unsteady 
(about I J in scale of 5), these widths are doubtless about 25 per 
cent, greater than would be the case with good seeing. For the 
star trails the same make of plate was used, light of shorter wave- 
length than X. 5000 being absorbed by a yellow screen of plane glass 
placed in contact with the plate. Owing to the insensitiveness of 
the plate to light of wave-lengths between X. 5000 and X. 5400, and to 
longer waves than X. 5800, only the light which is effective in forming 
the visual image can act in producing the trails. As before, the 
width of the trails varied with the brightness of the stars, ranging from 
0.025 mm in faint trails to 0.055 ^^ ^^ stronger trails, or from i" 
to 2", while the average width over a longer strip of trail was about 
20 per cent, greater. Notwithstanding the bad seeing, both trails 
and spectra were much more sharply defined than those made with 
the correcting-lens in photographic light and of only half the width. 

These experiments conclusively prove that the abnormal width of 
spectra and trails in photographic light is not due to aberrations in 
the spectroscope nor to atmospheric disturbances, and clearly point 
to aberrations in the condensing system as the cause of the obser\'ed 
effects. A short summary of the experimental data will render this 
more evident. The theoretical diameter of the central disk, or rather 
of the first dark ring, for visual light X 5600, is 0^74, for photographic 
light, X4340, is o'.^'j. The actual width of visual spectra and trails 
is from i" to 2", or one and one-half to three times the theoretical 
diameter. The actual width of photographic spectra and trails is 
from 3" to 4^5, or five to eight times the theoretical diameter. 

Some further information regarding the size and character of the 
photographic image may be gained by considering its effective 
diameter under another asjX'ct, that of the loss of light at the slit. 
Referring again to Xcwall's paj^er, and taking, as he does for an 
example, a tremor-disk of 5" diameter with a core of 2", we find that 
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a slit 0.025 °^°^ wide will transmit 31 per cent, of the incident star 
light; a slit 0.037 ^^^^°^> 44 P^^ cent.; a slit 0.05 mm, 58 per cent.; 
and so on. I am indebted to a suggestion by Professor Campbell 
for a method of testing this theoretical result experimentally. A 
series of star spectra were made at different slit-widths, and the 
resulting intensities were compared. As it is practically impossible 
to make a number of wide spectra of uniform intensity throughout 
their width, photometric measurements cannot be relied upon and 
recourse must be had to visual estimates. Such estimates can be 
made more accurately if the exposures are so regulated as to give 
spectra of equal intensity, and, moreover, within the limits of ex- 
posure time and intensity used here, errors due to the character- 
istics of the plate employed are to a great extent avoided. The 
spectrum of a Lyrae, the star used, is practically continuous except 
for the H series, and is therefore well suited for the estimation of 
intensities, while its brightness is such that only short exposures are 
required. Ten different slit-widths between 0.012 and 0.25 mm 
were used, and ten spectra, one through each slit-opening, were 
made side by side on the same plate. The exposures were so regulated 
as to render the resulting spectra as nearly equally intense as possible, 
and the final estimate is the mean from a number of plates and from 
spectra of different widths. To render the comparisons more direct, 
slit-widths will be represented by divisions, a single division corre- 
sponding to 0.025 mm, and the relative exposure times will be reduced 
to a unit of 100 with a slit-width of one division, 0.025 mm, or 0^91, 
the normal width with the dispersion employed here. 

The following table shows that the exposure required is inversely 
proportional to the slit-width until this reaches o.i mm, leaving out 
of account widths less than a single division, where diffractional 
loss within the collimator plays an important part. It also shows 
that with normal slit-width less than 17 per cent, of the light incident 
on the slit is transmitted. In Newall's hypothetical case 31 ])er cent. 
would be transmitted. The experimental data given above, using 
Newall^s method of calculation, indicate a tremor-disk 8'' or 10" in 
diameter with a core of about 3. '5, and, as the previous experiments 
have shown, this is much larger than can be accounted for by atmos- 
pheric disturbances. 
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TABLE I 
Loss OF Light at Slit 



Slit-Widths 


COMPARATTVE TlllTW FOR EqUAL 

Intensity 


Divs. 


Mm 


Sees. 


Experimental 


Computed: 


1 


O.OI2 


0.45 


300 




I 


.025 


0.91 


100 


100 


li 


•037 


1-35 


67 


70 


2 


.050 


1.82 


50 


54 


3 


•075 


2.73 


2>i 


39 


4 


.100 


3 64 


28 


34 


5 


•125 


4-55 


25 


31 


6 


.150 


5-45 


21 .7 


31 


8 


.200 


7-27 


18.3 


31 


lO 


.250 


9.07 


16.7 


31 



The above experiments point conclusively to aberrations in the 
system of objective and correcting-lcns, when used with photographic 
light, as the cause of the observed effects, but they give no information 
concerning the nature of these aberrations beyond indicating in a 
general way, from the appearance of out-of-focus photographs of 
spectra and trails, that spherical aberration is present. It was decided 
therefore, to make quantitative tests to ascertain if possible the nature 
and magnitude of the aberrations and the best means of removing 
them. 

The most simple and accurate method of determining the zonal 
errors and axial astigmatism of a telescope objective is Hartmann's 
method' of extra-focal measurements. The principle of the method 
and the measurements and reductions necessary are extremely simple, 
while it gives accurate values with the expenditure of comparatively 
little time and without the use of any appliances except such as can 
be readily made by anyone. P'or the benefit of those who have not 
the above paper at hand, and in order to render the present article 
complete, the essential principles of the method will be briefly 
described. 

It depends upon the determination of the intersecting point of 
pencils of li^ht coming from diiTcrent parts of the objective. Suppose 
a diaphragm containing two small openings, equidistant from the 

^ Zcitschrijt jiir Insintmcutvnkinide, 24, i, i^t^, 97, 1904. 
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center and along a diameter, be placed over the objective. If the 
distance between the pencils of light coming from these openings 
be measured at two points, one within and one without the focus, the 
point of intersection of the pencils, and consequently the focus for 
the particular zone in question, can be at once obtained from similar 




Fig. I 



triangles. For let rf,. Fig. i, be the distance between the pencils at 
the scale-reading A^ within the focus, d^ the distance at the scale- 
reading A^ beyond the focus. Evidently then the scale-reading for 

the focus A is i4,-f (^— —Va^-AJ. The distances d^ and d^ 

may be determined directly by micrometer measurements on the 
pencils from a star or distant artificial point-source, or by making 
exposures on photographic plates in the two positions and measuring 
the distances between the resulting images by a measuring microscope. 
The latter method is preferable and was used exclusively, except 
that the photographic determinations were checked by micrometer 
measures. 

A zone plate A, Fig. 2, similar to that described by Hartmann, 
was employed. The apertures, except the four inner ones, were 






/^ B c 

Fig. 2. — 2^)110 }'laU*s 

each about 25 mm in diameter, and the radii of the nine zones were 
respectively 28, 47, 66, 85, 104, 123, 142, 160, and 178 mm. In 
order to determine the astigmatism along the axis, each pair of open- 
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ings is duplicated by a second similar pair at right angles, so that the 
focus of each zone of the objective is determined for two elements 
perpendicular to each other. In the case of the zone of 142 mm radius 
the focus can be obtained for four elements 45° apart. Thus an 
exposure within the focus, and a second one without the focus, give 
data sufficient to determine the focus of each of nine zones of the 
objective in two directions perpendicular to each other. These two 
directions are distinguished from one another in the measurement 
by making an extra aperture in the zone plate, which, on being re- 
produced in the negatives, ser\'es to identify the origin and direction 
of the angle <^. 

To determine the zonal errors of objective and correcting-lens, 
the zone plate was placed in position in front of the objective and a 
small photographic plate was placed in the guides in the slit-cap of 
the spectroscope. The spectroscope is supported on two parallel 
tubes carried by an adapter on the eye-end of the telescope, and can 
be readily moved up and down through a range of about 20 cm. 
Experience showed that the images were most sharply defined, and 
the best measurements could be obtained when the plates were between 
6 and 10 cm from the focus. As the photographic focus was to be 
tested, an ordinary Seed 27 plate was first tried; but it was not found 
possible to make very accurate settings, as the pencils from the 
zone plate were spread out into radial spectra owing to the long range 
of wave-length (X. 5000 to the limit passed by the object-glass, say 
X, 3600) to which such a plate is sensitive. Several means of overcoming 
this difficulty were tried. As a yellow screen in front of an ordinary 
plate did not improve matters, the dispersion of the pencils must 
evidently be chiefly due to the light around ///3. An ordinary lantern 
plate, which is sensitive from about X 4600 down, was therefore next 
tried, and gave good images capable of accurate measurement; while 
if a yellow screen were used with such a plate the resultant images 
were again elongated, showing that the prolonged exposure entailed 
thereby had extended the action on the plate toward the red and 
reintroduced the first ditficultv. A vcllow or red star was used in 
preference to a white or blue, as limiting the action in the violet, 
shortening the effective range of spectrum, and thus giving images 
with less s[)ectral disj)crsion and with no apparent elongation. 
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Four sets of extra-focal plates were made which, on being measured, 
reduced, and averaged, gave the focal positions of the nine zones as 
tabulated below (Table II). All four measures are in substantial 
agreement, which of course is closer for the outer zones where the 
convergency of the pencils is greater. There the probable error of 
a single determination of the focus does not exceed o . i mm, while 
near the center it may be as great as o. 5 mm. It will be noticed that 
the focus for the edge of the objective and correcting-lens is upward 
of 2 mm longer than the focus near the center, and if astigmatism 
be taken into account also, the difference is greater than 2.5 mm. 
The values are plotted graphically in the cur\^e (^4) of Fig. 3, the 
vertical distances being magnified some six or seven times, the ap- 
pended scale representing millimeters. The horizontal line is drawn in 
the position of focus 75 .34 that gives the smallest circles of confusion, 
in this case 0.04 mm in diameter. The astigmatism will increase 
this to some extent, so that probably the diameter will be nearly 2". 
Unless the slit is set exactly at this mean position, which is not likely, 
the diameter of the confusion disks will be still further increased, so 
that we may consider 2" as a moderate estimate. It must be remem- 
bered, however, that in speaking of circles of confusion the conceptions 
of geometrical optics alone are being considered, and no account 
is taken of diffraction phenomena, which may have some effect on 
the geometrically calculated dimensions of the star disk resulting from 
aberrations of the magnitude here present. However, the experi- 
ments on the width of spectra and trails showed conclusively that 
the photographic image was about 2" greater in diameter than the 
visual image, presumably unaffected by aberrations, and this agrees 
with the geometrical theory. 

To determine where the aberrations arise it is necessarv to accu- 
rately compare the performance of the objective used visually with the 
performance of the ol)jective and correcting-lens in the photognij)hic 
part of the spectrum. Zonal tests were therefore made of the objec- 
tive alone. For this purpose the wave-length of the light used must 
be limited to X 54oo-\ 5800, the range to which the eye is most 
sensitive, which is the most luminous in the s})ectrum, and which 
coincides with the turning-point of the color-curve of the objective. 
Fortunately, as the band of color-sensiiiveness of Cramer Isochro- 
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Mean 
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28 


45° 


73-54 




— 0.20 


106.43 
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•05 




135 


73-94 


73-74 


+ .20 


106.54 


106.48 
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47 





74 19 




+ .08 


10S.35 




4- 


.42 




90 


74.03 


74.11 


- .08 


107.51 


107.93 


— 


.42 


66 


45 


73-54 




- -30 


106.67 




— 


•13 




135 


74.14 


73-84 


+ .30 


106.93 


106.80 


4- 


•13 


85 





74-15 


+ .11 


106.42 




4- 


.26 




90 


73-94 


74.04 - .10 


105.91 


106.16 


— 


•25 


104 


45 


74 65 


■ - .23 


106.15 
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.08 




135 


75-11 


74-88 + .23 


106.31 


106.23 


4- 


.08 


123 





75-68 


+ .22 


106.20 
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.09 




90 


75-25 


75.46 - .21 


I 06 . 02 


106. II 


— 


.09 


142 


22.5 


75 -^M 


, + -24 


106.08 




4- 


.20 




67-5 


75 32 


- -37 


105.77 




— 


.11 




112. 5 


75 67 


— .02 


105.82 




— 


.06 




157-5 


75 83 


75.69 ; + .14 


105.83 


105.88 


— 


•05 


160 


45 


75-58 


' - .15 


105. QI 




4- 


.04 




135 


75.88 


75-73 + -'5 


105 .83 


105.87 


— 


.04 


178 





76. II 


+ .21 


105-93 






.01 




180-^ 

T ft)( US . . 


75 6g 


75.00 - .21 


105 Q5 


105.94 


4- 


.01 


Meai 


106.01 







m.itic plates almost exactly coincides with the same region, all that 
is necessary in order to obtain photographic test plates is to absorb the 
blue and violet light by a suitable screen, and thus confine the action 
to the visual part of the spectrum. A deep yellow screen with plane 
parallel surfaces was used in contact with the plate. Although the 
pencils from the zone plate are displaced slightly on p::ssing through 
this screen, these displacements arc proportional, and the only 
effect will be to lengthen the focus for all the zones by the s?.me amount, 
about one-third the thickness of the screen, without in the least alter- 
ing the relative i)ositions of the i)encils. An exposure of about a 
minute on Capclla, tlirough the screen, with the plate from 60 to loc 
mm from the focus, gives a negative of good intensity in which the 
images of the [)encils are quite round and free from any noticeable 
spectral elongation, thus allowing accurate measurement. 

Five sets of extra-focal exposures were made in the visual part of 
the spectrum, and the mean values resulting from the measurement 
and reduction of these plates are given in Table II and plotted graphi- 
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Vir,. 3. — Zonal DilYtTcnccs of Focus 

callyjn curve F of Fig. 3. An examination of this curve shows that 
no point or focus is at a greater distance than o. 2 mm from the position 
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of mean focus, shown by the horizontal line, except a smzll region 
near the center of the objective, which has a longer focus. The effect 
of this region on the performance of the objective must, however, be 
exceedingly small, owing to its small area, less than one-tenth of the 
objective, and to the weak convergency of the pencils proceeding 
from it. In fact if Hartmann's criterion T^ as to the quality of an 
objective be computed from the above mean values, it is foimd to be 
0.141. According to this classification an objective is moderately 
("massig") good w^hen T is greater than i . 5, good when T is between 
0.5 and 1.5, and exceedingly ('*her\'orragcnd") good when T is less 
than 0.5. In the ideal, absolutely zoneless objective T is o. 

Evidently the objective when used visually is of the very first 
quality, and the aberrations appear only when it is used in conjunction 
with an auxiliary corrector for spcclrographic work. Whether the 
aberrations there present are due to the correcting-lens, or to the 
objective when used in the photographic part of the spectrum, remains 
to be determined. For this purpose a further application of Hart- 
mann's method was necessary to find the color-cur\Ts of the objective 
alone, and of the system of objective and correcting-lens for a number 
of zones. It was hoped that such observations would throw light on 
the cause of the aberrations and suggest a possible remedy. They 
would also serve as a check upon the zone-plate determinations, as, 
in this case, no spectral dispersion of the pencils could affect the accu- 
racy of setting. To find such color-cun'es, the pencils of light coming 
from a zone plate fall on the spectroscope slit, and the distance between 
the resulting spectra taken with the slit within and beyond the focus 
gives a measure, calculated in the s:imc way as before, of the focal 
position of any desired wave-length for any particular zone. 

It was decided to determine the color-curves of eight zones of 
38, 57, 76, 95, 114, 133, 152, 171 mm radius; and, to prevent the 
spectra from merging into one another, two zone plates were required, 
one (B)j Fig. 2, of the four zones of 57, 95, 133, and 171 mm radius, 
and the other (C), Fig. 2, of the remaining four. The central open- 
ings were each 20 mm square, and the outer 20 by 25 mm. The 
zone plates wltc so j)Iace(l on the objective that the row of openings 
was i)arallcl to an hour circle, and the spectroscope was turned in 

I Zritschri/t jur histrumcntenkunde, 24, ^6, 1Q04. 
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position angle until the slit was parallel to the openings, in order 
that irregularities in driving would not widen the spectra. To dimin- 
ish the exposures as much as possible, bright stars, Vega and Sirius, 
were used and the slit was widely opened, as no inaccuracy would be 
thereby introduced in the distance between the spectra. The expo- 
sures were made on a night when the temperature was nearly station- 
ary, and were arranged in the following order : 

Plate i; Zone Plate (B) Fig. 2; slit about 50 mm within the focus 

2; (C) " " so " " " " 

3; (C) " " 40 " beyond " " 

4; W 40 

This procedure was followed to avoid as far as possible any rela- 
tive displacement of the focal determinations of the two sets, due to 
slight changes of temperature of the objective. That no measurable 
displacement has occurred is shown by the continuity of the zonal 
curves of Fig. 3 drawn from the combination of the two separate 
determinations, and by their agreement with those made by the 
regular zone-plate method. 

Each of these plates contains eight spectra side by side, one from 
each light pencil transmitted by the zone plate, and the position of 
the focus for each zone and for any desired wave-length in the range 
on the plate can be determined in exactly the same way as before. 
The hydrogen lines, in the first type stars used, serve as datum marks 
for the identification of wave-lengths, and measurements were made at 
eleven positions between X 3970 and X 5030. The corresponding 
focal points, as calculated from these measurements, arc given in 
Table III for eight zones of the objective alone, and in Table IV 
for the same eight zones of the objective with corrcctlng-lens, the 
latter being about 40 mm nearer the focus than its computed position. 

The reason for using the correcting-Iens below its computed position 
at once appears on inspection of Fig. 4, which represents, in their 
correct relative positions, the color-curves of a median zone of 108 mm 
radius, determined in exactly the same way as above. Cur\'e A 
(Fig. 4) is the color-curve of the visual objective between the limits 
X 6250 and X 3970, which shows that the minimum focus is at about 
X 5600, exactly in its computed position. Curve B is the color-curve 
of the system of objective and correcting-lens between X 6250 and 
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Fig. 4. — Color-Curves for a Median Zone 

\ 3970, which shows that the minimum focus is at about IZ'S, instead 
of 7/7, its computed position. When the correcting-lens is moved 
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TABLE III 
Color-Curves of Objective Alone 
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TABLE IV 
Color-Curves of Objective and Correcting-Lens 
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down, away from the objective, some 40 mm w^e get curve C, and at 
70 nmi, curve D, In curve C the minimum focus is nearly at Hy^ 
and in £) at X 4460. Evidently the lowering of the correcting-lens 
some 40 mm effects considerable improvement in the color-correction 
without, as the earlier experiments showed, appreciably enlarging 
the image, and the lens has been used in this position almost from the 
first. 

Although all the data in regard to the complete color-cun^es are 
given in Tables III and IV, still the actual curves drawn from these 
figures show all the conditions at a glance, and are hence w'orth 
giving. To prevent too great a confusion of lines, the curves for 
four zones only (zone plate (B), Fig. i), of 57, 95, 133, 171 mm 
radius, are shown here in Fig. 5, the upper curves being of objective 
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Fig. 5, — Color-Curves of Four Zones of Objective and of Objective with Corrector 

alone, the lower of objective and corrector. These curves show at a 
glance that, in the photographic part of the spectrum, the focus for 
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the edge of the objective is longer than the focus for the center, that 
it has negative spherical aberration. This chromatic difference of 
spherical aberration is inherent in two-part objectives of the ordinary 
glasses, and the only remedy is to compensate for it by introducing 
the correct amount of positive aberration by the correcting-lens. 
However, the lower curves show that, instead of compensating for 
this chromatic difference, the corrccting-lens has, on the contrary, 
increased it somewhat, and the focus for marginal rays is upward of 
2 mm longer than the focus for central rays. This agrees almost 
exactly with the previous determination of the zonal foci of objec- 
tive and corrector, and is good evidence of the substantial accuracy 
of the determinations. Before leaving these curves it may be pointed 
out that the crossing of the curve from the 57 mm zone over the others 
in passing from short to long waves is due to the longer focus of the 
central zones in the visual part and is further evidence in favor of 
the accuracy of the determinations. 

To obtain a still more striking comparison of the cause and 
magnitude of the aberrations present in the system, the color-curves 
can be presented in another form, that of zonal foci curves like A 
and F, Fig. 3, previously determined. We have the color-curves, 
or the positions of focus, of the whole photographic region for eight 
zones of the objective in Tables III and IV, and these can be readily 
plotted in the same way and on the same scale as A and jp, Fig. 3. 
If such curves were plotted for every wave-length in these tables, 
they would show a striking agreement in form, but I have satisfied 
myself with representing the positions of the focus of eight zones for 
Hy, the wave-length for which the system was computed, and for the 
mean of X4250, 4340, 4440, and 4550, the range of spectrum used 
here in velocity determinations. E, Fig. 3, is the curve for Hy of the 
objective alone; C is the curve for Hy of objective and corrector. 
D is the curve for \ 4250 to X 4550 of the objective alone; B is the 
curve for X 4250 to X 4550 of the objective and corrector. 

A comparison of curves D and E with F shows in a striking manner 
the chromatic di (Terences of spherical aberration in the objective 
when used with photographic light. If we leave out of account or 
allow for the deviations in the central zones, we see that the focus 
of the outer is about i . 8 mm longer than the focus for the central 
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zones, a figure that agrees almost exactly with the computed difference 
as furnished me by Professor Hastings. A comparison of curves 
A, By and C with D and E shows that this difference, instead of being 
removed or diminished by the introduction of the correcting-lens, 
has on the contrar)'' been increased by about 0.6 mm, so that the 
difference in focus between outer and central zones is now about 
2 . 5 mm, which, as before stated, will give a confusion disk nearly 2" 
in diameter. I wish to point out, before leaving these curves, how 
the form of the curve is maintained throughout from -F up to -4 
except that the axis of the curve is inclined downward by the chro- 
matic differences in the photographic region, and further tilted by 
the introduction of the corrccting-lcns. To show this I have dotted 
in approximate positions of such axes in the curves £ to -4 to corre- 
spond with the horizontal axis in F, It will be noticed that the irregu- 
larities in the visual curve are continued throughout, but in an 
intensified form, as is to be expected when it is considered that the 
objective was computed and figured for visual work, and its use in 
the photographic region with an auxiliary corrector was only a second- 
ary consideration. 

I see no reason to doubt, however, if sufficient positive aberration 
were left in the corrccting-lens to compensate for the negative aber- 
ration introduced by the chromatic differences, that the performance 
of the system could be much improved, although it is not likely, from 
the magnifying of the unavoidable zonal aberrations, that it would 
equal its visual quality. If the curve 4, Fig. 3, representing the 
present condition of the system, could be tilted through the angle 
between the horizontal and dotted lines, by such a change in the 
correcting-lens, the resulting confusion disk would certainly have 
a diameter less than half its present magnitude, while the percentage 
of the incident star light transmitted by the slit would be considerably 
increased, probably doubled, with a proportionate diminution of the 
required exposure times for stellar si)cctra. 

Such an improvement would be well worth considerable effort, 
and I have been in communication with the Brashear Company 
and with Professor Hastings to that end. With their well-known 
willingness, I may even say anxiety, to produce the highest quality 
of optical work and to make any improvements that may be suggested 
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to them, the Brashear Company are undertaking to make a new 
correcting-lens to computations by Professor Hastings, to whom I 
I am very much indebted for criticisms and suggestions on the present 
paper. I may say that Professor Hastings finds a ver}'' marked 
agreement between his computed data of the objective, color-curves, 
and chromatic diifferences, and my observations. He explains the 
failure of the correcting-lens to compensate for the chromatic differ- 
ences of focus, which it was computed to do, by the fact that this 
lens has to correct the errors of an objective of nearly fifty times the 
area, that the small departures of the wave-surfaces from a true 
sphere have grown enormously when these surfaces have contracted to 
one-fiftieth their original area, and that a very perfect correction by 
spherical surfaces can hardly be hoped for. He thinks, however, 
that considerable improvement can be effected, and I have no doubt 
myself that he and the Brashear Company can do much better than 
he says when they have quantitative values of the existing aberrations. 
The reason for publishing this paper in its present incomplete 
form, before the new correcting-lens is ready, is to bring before stellar 
spectroscopists the important matter of the size and character of the 
star image given by their telescopes. I have gone fully into the 
details of the investigation and explained the difficulties that arose 
with the means of overcoming them, in order to smooth the way for 
similar investigations into the chanicter of the star image given by 
other systems of objective and correcting-lens. It seems to me 
extremely probable that, in the major part if not all of the telescopes 
employed in spectrographic work, aberrations of the same or a similar 
nature are present. If a correct ing-lcns computed to compensate 
for the chromatic difference fails in one case, it is possible, even 
probable, that it may fail in others. Another b:isis for this belief 
is a comparison of the relative exposure times required for different 
installations taking into account size of object-gkiss, slit-width, and 
dispersion of the spectrograph. I am well aware that such a compari- 
son must necessarily be incomplete, and the results reached subject 
to an uncertainty, say, of 25 per cent., owing to the difficulty of 
comparing different installations under different conditions of seeing, 
etc. We have already seen how im])ortant a part is played by atmos- 
pheric disturbances in enlarging the star image so that the linear 
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diameter of the image increases nearly in proportion with the focal 
length, and therefore approximately, as the ratio of aperture to focal 
length does not vary much in large instruments, with the diameter 
of the object-glass. Consequently, the effective value of increase 
of aperture is not proportional to the increase of area, but more nearly 
to the increase of diameter, which was accordingly used in the compari- 
son. So far as regards the relative dispersion of different instruments, 
the exposure time was taken as directly proportional to the linear 
dispersion, presuming the same height of spectrum in each case. 
No account was taken of the difference in the loss due to absorption 
and reflection in the prism-train, although this may be quite important 
in some cases. The exposure time required was taken as inversely 
proportional to the slit-width, and this, as one of the experiments 
detailed above shows, is probably nearly in accordance with the 
facts. In the following Table V, data of the various equipments 
which are and have been used in radial velocity work, so far as they 
were available to the writer, appear, but these data are incomplete 
and may in some cases be in error, although probably not to a marked 
degree. 
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Lick ... 
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Newall . . 
Bonn . . . 
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The alcove comixirison shows that the Lick, Bonn, and Lord 
c(]uipmcnts in practice approach more nearly the theoretical efficiency 
than the Ottawa, but the Ycrkcs, Lowell, Newall, and Pulkowa depart 
farther from it. 
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There seems therefore reasonable ground for believing that con- 
siderable improvement in the efficiency, and considerable increase in 
the range of the majority of spectrographic equipments can be attained 
by looking into the character of the star image given by the condensing 
system. Although the exact effect of atmospheric disturbances on 
the effective diameter of the star image is difficult of determination, 
I feel satisfied, if I can obtain a correcting-lens that will give a star 
image reasonably free from aberration, that the exposure times re- 
quired here can be very materially reduced, I hope by 50 per cent., 
and I see no reason why a similar or even greater improvement could 
not be effected in some of the other equipments. 

I acknowledge with pleasure my indebtedness to Dr. W. F. King, 
the Director of the Observatory, for help and encouragement in the 
prosecution of the work, and to Mr. W. E. Harper for making dupli- 
cate measures for comparison purposes on some of the test plates. 

Dominion Observatory, Ottawa 
January, 1907 



ON A NEBULOUS GROUNDWORK IN THE CONSTELLA- 
TION TAURUS 

By E. E. BARNARD 

I have elsewhere at various times called attention to the connection 
of nebulosities with some of the vacant regions of the sky. The 
finest example of this remarkable and suggestive peculiarity is shown 
in the great nebula of p Ophiuchi, In connection with some of these 
vacant regions I have remarked on the singular fact that in some 
cases — especially in the regions of and p Ophiuchi — these vacancies 
are vacancies only in the apparent absence of stars, for they are 
really often filled with a luminous veiling in which darker perfora- 
tions occur. 

The extraordinary vacant lanes among the Milky Way stars, in 
Ophiuchus and elsewhere, have often suggested that they arc not 
onlv devoid of stars, but that thev arc darker than the immediate 
sky. In some cases there has been a suspicion that this was a matter 
of contrast, and that, if the remaining stars were removed, the lanes 
would also disappear. While this might be true in some cases, there 
arc others where the appearance is strictly conclusive that the vacan- 
cies are not only due to the absence of stars, but that the channels 
are in a bed-work or nebulous substratum, and that, if the stars were 
removed, the lanes would still exist. 

It will be seen that much importance depends upon whether these 
lanes are subjective — due to the scarcity of stars alone — or whether 
they reveal to us a nebulous substratum in certain parts of the sky, 

In some of my early i)hotograplis north and east of the Pleiades 
the plates showed the existence of i)eculiar lanes far to the east of the 
cluster. Oi)j)ortunity did not offer itself until the past winter to 
investigate their |)eculiarities by j)hotography. 

In the first part of January of this year I made several long expo- 
sures which covered the rei^ion in question. The result is very 
striking, and I Ijilieve of .cjreat importance; for the plates show that 
these lanes are undoubtedly in a substratum of some kind, as well 
as amonir the stars themselves. 
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The dying-out of nebulae — since it does not seem any longer 
necessp.ry to use these vast bodies of gaseous matter for the making 
of suns — is a probability fully as warranted as the belief and cer- 
tainty that the stars must die out. What would be the condition of 
a nebula that no longer emitted light, is a question; but as this light 
in all probability is not the product of heat or combustion in the 
ordinar)^ sense, it is likely that we should simply have a dj\rk nebula 
which would not be visible in the blackness of space unless its presence 
were made known by its absorption of the light of the stars beyond 
it — if this absorption were sufficient to be effective. 

We have rather looked ui)on the nebulae as transparent bodies, 
like the comets; but there are no observations to warrant this idea, 
since in no cr se do we know that a nebula is on this side of the stars 
or beyond. True, there are cases where a star is palpably involved 
and seen through at least a portion of the nebula. There is nothing, 
however, to show whether the light of such a star has not been very 
greatly reduced by the interposition of the nebulous matter, and 
whether a much sni'iller star would not have been entirely invisible 
through the veiling of nebulosity. 

This idea of the absorption of the light of the stars by a dead 
nebula or other absorbing mc'.tter has been used by some astronomers 
as an exi)k:n[ition of the dark or st. rless regions of the sky. Though 
this has not in genen.l appealed to me as the true explanation — an 
apparently simpler one being that tliere are perhaps no stars at these 
places — there is yet considerable to commend it in some of the 
photogH'phs. 

The immediL te neigliborhood of the great nebula of p OpIiiucJii — 
as if the outer boundiiries of it were devoid of light — is a good example 
of an ai)parently absorbing medium by the dying-out of the outer 
portions of the nebula. 

From their apj)earance in the sky, I believe the nebulae in general 
are transparent, yet there are some cases, especially among the 
planetary nebulae, where the appearance is quite olherwise. 

The beautiful veil of nebulosity extending from the star v Scorpil 
strongly gives the impression of a dulling of the light of the stars 
in that direction. To all appearances fewer stars seem to be 
within the boundaries of this nebula, as if the fainter stars were 
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blotted out and the brighter ones diminished in luster. If this is not 
a delusion of some kind, it would appear that this nebula is between 
us and the groundwork of small stars here. 

The connection of nebulosities with vacancies, and the apparent 
mingling of the outer portion of the nebula with the darkness of the 
sky, as if that darkness were something really tangible, as suggested 
in the case of the nebula of p Ophiuchi, is an extremely important 
feature, from which I believe there \\\\\ some day develop facts of 
the greatest importance in explaining the real structure of the heavens. 
It would therefore be a very valuable work to locate all these regions 
and to secure the best long-exposure photographs of them. In this 
way a consistent study of their peculiarities may be made by those 
interested in their nature. Of late years I have endeavored to find 
as many of these places as possible. This has resulted in the devel- 
opment of the extraordinary regions of Ophiuckus and Scorpio, 
where these singular features are perhaps best shown. 

It was in the order of this investigation that I made the photo- 
grai)hs given in the present reproductions. 

The region here sliown is extraordinary. The narrow vacant 
lanes are as singular examples of the peculiarities I have mentioned 
as any that I know of, and they show perhaps even better the fact 
that the lanes actually exist in the sky independent of the stars. 
Besides the lanes referred to, the photographs show a large nebula 
apparently in a hole almost devoid of stars, from which one of the 
lanes runs away to the southeast for several degrees. 

The pictures seem to show that the brighter part of this nebula is 
only a small porlion of it, and that the nebula is feebly luminous 
over most of the vacancy; a longer exposure will perhaps prove this 
to be true. The feel)kvr portions of the nebula would almost suggest 
the idea tlr:t a Liri^e ne})ula exists luTe, but th: t the major portion 
of it is derd or non-luminous, and th: t it actually causes the apparent 
vacancy by cutting out the light from the stars, while the few stars 
visil^le are ])erhaj)s on this side of the nebula. I give this simply as 
what tlie picture would su,u;gc"st to one, and not as what may rei:lly 
be the truth. 

On the ori.i^inal negative with the lo-inch lens, in the brightest 
part of the nebula there is a perfectly circular disk slightly brighter 
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Vacancy and Nebula in TAURUS 
lo-inch Lens, igo;, January g, 12^ 27"! lo 17H --m G. M. T. Enlarged 1,6 times. Scale: i°=» 35 mm. 
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than the rest, as if a large planetary nebula were involved. This is 
so sharply defined, however, that I doubt its reality. For verificaton 
it must wait until the end of the year when more photographs can 
be secured. The scale of the 6-inch plate is too small to aid in the 
verification. 

I have been slow in accepting the idea of an obscuring body to 
account for these vacancies; yet this particular case almost forces 
the idea upon one as a fact. There are portions of this apparent 
vacancy that are certainly darker than the adjacent sky. There is 
no question that this is real, and not a subjective efifect, because, as 
will be seen later, the dark lane running from it shows similar 
markings, which are certainly darker than the sky, and this is the 
case with the lane itself. If we examine this lane, we shall find 
that it comes to an abrupt stop at a point in 

a = 4hi6"^, 8=+26?o. 

But there is no change in the sky here; it is uniform with the rest of 
the sky among the stars, and is decidedly brighter than the lane. A 
half degree farther on and the lane reappears in a broken and 
straggling manner. 

These lanes are best shown in the small picture (Plate XII) taken 
with the 6J-inch lens. This plate is simply to show the extent and 
general appearance of this remarkable system of lanes. Other pho- 
tographs which I have made, especially those on February 7, 1907, 
show that this plate includes the full extent of these vacancies, the 
rest of the sky nearby being free from them. The region is com- 
prised between the limits 

a^^hom to 4^ ^^4"^ and 8 = 4-24° to +28i°. 

There is a larger vacancy, similar to the one in which the large 
nebula occurs, in about the position 

a = 4h3in.,8= +25°7. 

It shows considerable dark detail. In it is a small nebula which 
looks as if it might be only the brighter portion of a larger nebula 
filling or partly filling the vacancy. The position of this nebula is: 

a = 4^3i"^, 8=+25°25'. 
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Perhaps the most singular of these lanes is the one that straggles 
along almost east and west 

from a =4^ o^y 8 = + 24 J° to a =4^ 26"^, 8 = + 24° 

near the lower part of Plate XII. It is quite definite. A long strip 
of it, from 4^ 8"^, +25°, to 4^ 16"^, +24^°, is singularly well defined, 
especially at the east end, where it abruptly stops and disappears for 
a space of nearly a half-degree, after which it reappears in a very 
broken manner farther on, until it enters a considerable region 
almost devoid of stars, where it appears as a series of irregular black 
spots. Where this lane is interrupted it shows still more clearly that 
the lane itself is darker than the sky. These lanes and holes, there- 
fore, would still be seen if the stars were all removed. This of 
course implies that a substratum of some kind exists all over this part 
of the sky, and that these are lanes and holes or rifts in it. A very 
singular feature in this connection is that the stars also are absent in 
general from these lanes. 

Now, the question is: Does this substratum consist of nebulosity, 
which would be the natural conclusion, or is it something else, as to 
the nature of which we do not yet know anything ? 

It almost seems to me that we are here brought face to face with a 
phenomenon that may not be explained with our present ideas of the 
general make-up of the heavens. The conditions exemplified here 
also exist in the region of the dark holes and lanes near and p 
Ophiuchi, but they perhaps do not so clearly show the presence of a 
groundwork other than that due to stars, as the present case does, 
although the phenomena there are more remarkable, or rather they 
are more spectacular. 

Among the most surprising things in connection with these nebula- 
filled holes arc the vacant lanes that so frequently run from them for 
great distances. These lanes undoubtedly have had something to 
do with the formation of the holes and with the nebulae in them. 
The idea of the dying-out of a nebula, previously mentioned as a 
possible explanation of the vacancy, is not strengthened by the pres- 
ence of the lanes, for we do not find in general any great streams of 
nebulosity extending away from the nebulae. A possible exception 
is the case of the great curved stream of nebulositv which seems to 
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6-inch Lens. 1907, January 9, 12^ 27"^ to 17^ 55m G. M. T. Not enlarged. Scale: i°= 13 mm. 
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emanate from the great nebula of Orion, and which stretches away 
for many degrees northward over a large part of the constellation. 
The position of the center of the large plate (Plate XI) is 

a=4^ ii™5, 8 = +27?9 ; 

that of the small plate (Plate XII) is 

a = 4h 15x11^ 8=+27?6. 

The brightest portion of the large nebula is at 

As a ready means of identification, the following refer to the small 
plate. 

The two stars near the south edge are 

B.D, +22?696, 4^5, a=4^i7™38?6, 8=4-22° 28.'3 

+ 22.699, 6.2, a = 4 18 37.5, 8=+22 39.3. 

The star at the southeast comer of the plate is 

B.D. +22?7i2, 7™4, a=4i^26™5?3, 8=+22°22.'5. 

The two conspicuous stars near the right-hand edge are 

B.D. +27?633, 5»?i. a =3^^ 57"^ 43^7 , 8=+27°i3:6; 
+ 28.619, 5-4, «=3 58 3-9 f 8=+28 36.8. 

The two close to the upper edge are: 

B.D. +32?8o5, 7'?3, a =4^ 20"^ 46^3 , S=+32°ii.'8; 
+32.806, 6.5, a = 4 21 20.3, 8=+32 8.0. 

In the large plate, the conspicuous star below the middle is 

B.D. +27?655, a=4ii 11"^ 27?o, 8 = + 27°o'i. 

The less conspicuous star above the middle is 

B.D. +28?642, a=4^ ii'"37!'9, 8= +28° 32:9. 

These plates contain the trail of an asteroid, which also shows on 
the plates of January 5. 

Following are the approximate positions of this object, obtained 
from the B.D. charts. They, like all the positions in this paper, 
refer to the epoch 1855.0. 

1907, January 5, 14^ 23"^ G. ^l. T. a=4^ 13IP5 , 8= +28° 35' ; 

9,15 II G. M. T. a=4 12.5, 8= +28 24. 
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The trails are very strong, showing the asteroid to be a bright 
one. The trail will be found on the plate made with the lo-inch 
(Plate XI) at a distance from top, 66 mm (2.6 inches), from the 
left, 56 mm (2 . 2 inches) 

A much brighter asteroid is shown on the plate of this region on 

1907, February 7, 14^ 40"^ G. M. T., a = 4^ 17^, §=+22° 55'. 

Should it be desired, more accurate places can be obtained by 
measuring the plates. 

On the photographs of February 7 the sixth-magnitude star B,D. 
+ 22?699 has a thin nebulous wisp running from it to the northeast 
some 6' or 8'. 

The position of this star from the B. D. is 

6'?2, a=4^ 18"^ 37f5, 8= + 22° 39 .'3. 

Thcstar 5.Z>. +28?645, 9T1, a -4^ 12°^ ss^S, S= +28° 6'i,has 
two nebulous tails. The brightest of these is in the direction of posi- 
tion angle 330°. The other one is at right angles to this, in position 
angle 60^. These comet-like tails are about 6' or 7' long. They 
are shown on the larger reproduction, wliere the star will be found 
76 mm (3.0 inches) from the top of plate and 51 mm (2.0 inches) 
from the left-hand side. 

The large scale photograph (Plate XI) was made with the lo-inch 
Brashear lens of the Bruce telescope, and the smaller one (Plate XII) 
was m'.ide with the 6J-incli Voigtiander of the same instrument. 
The exposures were from 6^ 27'" to 11^ 55'", Central Standard Time, 
1907, Janu ry 9, the duration of exposure being 5^ 28"^. 

The defect at the left-hand side of the bright star B. Z). +27?655 
on the 1.1 rge plate was due to trouble with the driving-clock, c:.used 
by the cold. 

In tlie smi'Uer sc:ile picture there are certain ine(|u lities of illu- 
mination due to the re])r()(luction, which will deceive no one. 

^X)TE ADDED TO PROOFSHKETS 

In observing Swift's periodic comet on 1892 Januar}^ 18 with 
the 12-inch refractor of the Lick ()bserviitoryj I found a very, very 
faint nebula in the position 

1S55.O , a-V^ ;;i"^ 9'^± , ^=-^2^ 26/3 . 
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I have a note which says : 

"Both the nebula and the comet are seen on a nebulous back- 
ground — a vast nebula. The position [of the small nebula] cannot 
be far from the brightest portion of this great nebula. The small 
nebula is most excessively difficult.'^ 

This description agrees with the small nebula described previously 
in the position a = 4^ 31^, 8= + 25° 25'. It also shows that the great 
nebulosity is easily visible in a 12-inch telescope. 

Yerkes Observatory 
March 9, 1907 



Minor Contributions and Notes 



AGNES MARY CLERKE 

Agnes Mary Gierke was bom on February lo, 1842, at Skibbereen, 
a small country town in a remote part of the Gounty Gork. Her 
father was John William Gierke, and her mother was a sister of the 
late Lord Justice Deasy. 

Gonstitutionally delicate, Agnes Gierke from her earliest years, 
as so often is to be noticed in cases of frail health, found her chief 
delight in literary study and in music. From quiet talks often enjoyed 
with her in her later life it was clear that her thoughtfulness and her 
liking for probing difficult problems must have developed early. 

In 1861 the Gierke family moved to Dublin, and in 1863 to Queens- 
town. The winters of 1867 and of 1868 were spent at Rome, that of 
1871 at Naples, and the next five winters at Florence; the summers 
of 1874-76 being passed at the Bagni di Lucca, The sisters, Agnes 
and Ellen, both profited to the full from this sojourn in Italy, as their 
subsequent writings show; but Agnes at Florence worked specially 
hard, reading constantly in the public library there, and always, I 
believe, with one great object before her. 

It is a question of much interest to examine into the early leanings 
and aspirations of those who distinguish themselves later, and Agnes 
Gierke early determined her life-work. Before leaving Skibbereen, 
at about the age of fifteen, she had clearly before her the intention of 
writing a historv of astronomv, and it is thout^ht had actuallv written 
a few cha})ters. Her first article in the Edinhurgh Review is in har- 
mony with the above fads. 

Agnes Gierke's literary life may be said lo have begun in 1877 wuth 
the acceptance of he-r article "Gopernicus in Italy," by Henry Reeve, 
then editor of the Kdinbiirgh Revicic, who recognized the value of 
his new contributor and kc])t her at work. The number of her con- 
tributions to the Edinburgh is llfty-five; and tliey are all of the highest 
order. 

226 



PLATE XIII 



«** 




A(;NES MARY CLERKE 



MINOR CONTRIBUTIONS AND NOTES 227 

Agnes Gierke, with her family, returned to England in 1877, and 
settled in London. With the publication of the History of Astronomy 
in 1885 may be said to have begun her astronomical life. She read 
systematically, and cultivated personal relations with a wide circle 
of astronomical workers, in person or by correspondence. I consider 
that these relations had much to do with the success of her work. 
Her sympathies were so keen, her interest so warm, her longing for 
further truth so intense, that everyone liked to offer her all he could. 

In 1890 appeared her second book. The System 0} the Stars. The 
progress of science and the growth of its literature during the last 
quarter of a century have been so enormous that a new order of 
worker is imperatively called for; and Agnes Gierke w^as an admirable 
example of such a worker, devoting herself to astronomy, which is 
at once the oldest and, in its new developments, the youngest of the 
sciences — the science which Poincar^ has lately so eloquently declared 
to have given the conception of law to all the others. The mission 
of these special workers is to collect, collate, correlate, and digest 
the mass of observations and papers; to chronicle, in short, on one 
hand, and, on the other, to discuss and suggest, and to expound; 
that is, to prepare material for experts, to inform and interest the 
general public. There is urgent need of a better-educated public 
opinion in this country. That such a mission may be a splendid 
and fruitful one has been shown by Agnes Gierke; what careful prep- 
aration it requires, and how much it demands of those who would 
enter upon it, her career also shows. 

The immense increase in astronomical literature is hardly realized 
except by those engaged in dealing with it. To give but one instance, 
The Annual Index 0} Astronomical Liieraiure for 1905, published 
under the auspices of the Asironomische Gcsellschajt, contains over 
two thousand references collated from three hundred separate 
publications. 

The strain of such work as I am indicating is great indeed, involv- 
ing as it should the power of holding loose in the mind, so to speak, 
an immense mass of facts, and also a power of rapidly associating or 
dissociating them as work and discovery may suggest. In one of her 
latest works, Modern CosmogonicSj Agnes Gierke herself dwelt upon 
this strain. ** Year by year,'' she says (p. 160), *' details accumulate, 
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and the strain of keeping them under mental command becomes 
heavier." Pathetic words, written almost in blood! For, not long 
before had been published her last large work. Problems in Astro- 
physics, a work she feared she could not live to complete; a work 
which she was able to toil at for only half an hour at a time. 

All through her life Agnes Gierke was a student. Lectures and 
Friday evening dicourscs at the Royal Institution, which bore upon 
her work, she was careful to attend. A three-months' visit to Sir 
David and Lady Gill at the Cape in 1888 gave her some observ^atory 
opportunities which increased her power of clearly realizing the 
records of obsen^atory and laboratory work. 

She was awarded by the Royal Institution, in 1892, the Actonian 
Prize of 100 guineas for her works on astronomy; and in 1903, she 
received the distinction of being elected an honorary member of the 
Royal Astronomical Society — an honor and title held previously only 
by Mrs. Somcrville, Caroline Hcrschel, and Ann Sheepshanks. 
A frequent attendant at the meetings of both the Royal Astronomical 
Society and the British Astronomical Association, she was always an 
interested one. Occasionally she spoke; but she had no liking for 
speaking in public nor indeed was she well suited for it. 

A complete list of i\gnes Gierke's papers it would be difficult to 
compile. They were in truth innumerable. Her articles on astrono- 
mers for the Dictionary of National Biography, articles for the 
Encyclopaedia Britannica and for other encyclopaedias, were many, 
and all of them were models of painstaking inquiry and of clear, 
concise statement. The more important of these are of lasting 
interest and value. 

Her kirger works are: History of Astronomy in the Nineteenth 
Century (four editions); TIic System of the Stars (two editions); 
Familiar Studies in Homer; The Herschels and Modern Astronomy; 
Concise History of Astronomy; Modern Cosmogonies; Problems in 
Astrophysics. 

I venture to think tliat the History of Astronomy in the Nineteenth 
Century is the most important of her works. It is admirable in its 
com])letenc'S5 of references, its wide inclusiveness, and in its lucidity. 
It deserves to live, and it assuredly will live — the invaluable continua- 
tion of Grant's line work. 7 he System of the Stars and the Problems 
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in Astrophysics are works of a dififerent order. Treasuries of knowl- 
edge and of suggestion they certainly are. 

The Homeric Studies, except in one chapter, are not specially 
astronomical, but they are evidence of breadth of culture and of wide 
intellectual interest, and are full of delightful touches of wit and of 
humor. 

It seems to me a mistake to regard Agnes Gierke's smaller works 
as of less importance than her larger ones. I have said that I con- 
sider the History her greatest work. But in some respects I venture 
to think that her greatest achievement is Modern Cosmogonies. 
I claim for this book that it is not only a histor}-, but a work of philo- 
sophical thinking and of imaginative insight of a very high order. 
Its small size is an accident. It is a work essentially great. In 
these brilliant sketches Agnes Gierke's style is at its best. But 
the writing in Modern Cosmogonies, good as it is, is a small matter 
compared with the masterly grasp of, I may say, all things and of 
their interrelations which the work reveals. And where else is shown, 
in recent philosophical writing, such vision and faculty divine for 
seizing and pointing out the reasonable spiritual clues, set in w^hat 
we call Nature — clues helping to sustainmcnt of soul in the midst of 
the majestic mysteries surrounding us ? 

No sketch of Agnes Gierke would be complete without reference 
to her love of music. To her music was in the highest sense of the 
term a recreation. She turned to it for very life. Her piano-playing 
was truly musicianly, and her repertory was large. Perhaps her 
playing was at its best in rendering Ghopin. As an accompanist 
she excelled. Her teachers were, in Dublin, Miss Flynn; in Florence, 
Buonamici. 

Remarkable as were the intellectual powers of Agnes Gierke, her 
moral endowments were ecjually so. It was a question we frequently 
debated — the inlluence of character on work; and as I write the 
memory of certain talks is hauntingly present. As is the heart, is 
the work. The best work is and must be associated with loftv char- 
acter. It was so with Agnes Gierke. Xo purer, loftier, and yet 
more sweetly unselfish and human soul has lived. She was so incap- 
able of meanness that she even incurred danger as a historian in 
crediting too readily all workers with her own high ideals. 
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As a friend and companion she was faithful and true, and full of 
charm; and without her the world to those who had her friendship 
seems darkened and empty. 

But her mission, I believe, had been fulfilled. For twenty 
years she had been to modern astronomy an admirable historian, 
and had kept before working astronomers clear charts, so to speak, 
of what was being done, and of what should and might be done. 
In so doing she rendered splendid ser\'ice, and inaugurated a kind of 
work which must be more and more needed — a kind of work which 
not only advances astronomy, but promotes a universal brotherhood 
and co-operation, golden indeed. 

Agnes Gierke's death comes as a shock to many. A cold — I fear 
not sufficiently nursed at first — led to pneumonia and complications, 
and, in spite of all that devoted love and skill could do, she passed 
gently to the next life, peaceful and fully conscious almost to the last, 
on the morning of January 20, 1907. 

Margaret Lindsay Huggins 

February, 1907 



REMARKS OX HULL'S OBSERVATIONS OF THE DOPPLER 

EFFECT IN CANAL RAYS 

Professor G. F. Hull recently published in this Journal an investi- 
gation of the influence of electrical fields upon spectral lines.' In his 
paper he also communicates his observations on the spectra of the 
canal rays, which led him in several points to negative results, where 
I had obtained positive results. 

In the summer of 1906 I made a brief announcement that I had 
observed a slight polarization in the line-spectrum of rapid canal 
rays.^ Mr. Hull docs not find tliis polarization. I shall later report 
in an extensi\e ])aper as to the phenomenon wliich I announced. 

I have already published in exlenso my observations upon the 
Do})])k'r effect on canal rays. Mr. Hull succeeded as I did in finding 
the Do])plcr effect in the case of hydrogen.^ I further demonstrated 

^ Astro physical Journal, 25, i, if)07. 

2 Virliandluu^rti drr dfuis( hrn physikalischcn (iCScIIsrJiaft, 8, 105, 1906. 

3 A>nial(}i dcr Phy^ik, 21, 4C1, i(>c6; Astrophysical Journal, 25, 21^, 1907. 
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the presence of the Doppler effect for a number of mercury lines ;^ but 
Mr. Hull does not find the effect in the case of mercury or helium. 

Regarding this difference it should be first remarked that the prob- 
lem of demonstrating the Doppler effect in canal rays is rather 
electrical than spectroscopic. It is not necessary to employ a spec- 
trograph of a large dispersion; it is sufficient, and indeed preferable, 
to use a grating or prismatic instrument of moderate dispersion and 
great light-power, since the Doppler effect, if it occurs at all, is 
always of considerable magnitude in the case of canal rays. But, 
on the other hand, it is necessary, to satisfy the condition that the 
cathode-drop producing the canal rays shall not be less than a certain 
limiting value. 

When the line-spectrum of* the canal rays has been photographed 
in the direction of translation, the experimenters have found, in all 
cases yet investigated,^ an undisplaced ("stationary") line, and 
beside it a band of displaced ("movable") lines; while between 
the line at rest and the band of moving lines the density of the 
photographic plate shows with sufficient dispersion a minimum of 
intensity. 

It is singular that Mr. Hull has overlooked, or at least not described 
in his paper, these two important things — the simultaneous appear- 
ance of stationary and movable intensity, and the appearance of the 
minimum of intensity. He does not seek in his spectrograms for the 
movable line beside the stationary line, which always appears with 
more or less intensity, but he compares the position of the maximum 
of intensity of the h'ne on the photograph of the canal rays with the 
position of the maximum on the photograph of the positive column 
of an ordinarv mercurv tube or helium tube. Inasmuch as the 
stationary intensity is greater than the movable intensity, even for 
large velocities, certainly for mercury, and probably also for helium, 
it would appear that Mr. Hull had made his comparison between the 
stationary line in the s])cctrum of the canal rays, and the stationary 

^ J. Stark, W. Hermann und S. Kino.shita, Avtuilcu der Fhysik, 21, 462, i()o6. 

» Hydrogen: J. Stark, loc. n't.; B. Strasser and M. W'icn, Physikalische Zcit- 
schrijt, 7, 744, igo6; V. Pasihcn, ihid.^ 7, (^24, 1906. 

Mercury: Stark, Hermann, anrl Kinoshita, loc. cit. 

Nitrogen: W. Hermann, I'hysikalische Zcilschrijt, 7, 567, igo6. 

Hydrocarbon: S. Kinoshita, ibid., 8, 35, igo7. 
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lines of an ordinaty Pliicker tube, without noticing this fact. It can 
then be understood why he has not found the slightest displacement 
between the two stationary lines. He ought to re-examine his spec- 
trograms of the canal rays and see if he cannot detect beside the 
stationary lines some very faint lines (diffuse bands), the movable 
lines, or the Doppler effect. 

If he should thus find that there was certainly no Doppler effect 
in his canal rays in mccury vapor, then this genuine negative result 
can be explained, for he does not seem to have satisfied the following 
important condition for the appearance of the Doppler effect. 

If, during the greater portion of the exposure time, the cathode- 
drop is smaller than that which communicates to the canal rays 
just the velocities which correspond in the Doppler effect to the 
width of the intensity-minimum, then the displaced intensity is too 
slight, and hence no Doppler effect will appear, only the stationary 
or undisplaced line being observed. In order, therefore, to obtain 
the Doppler effect at all, the cathode-drop should not be allowed 
to fall below a certain minimum value during any considerable part 
of the whole exposure time. 

I have further shown that the ratio of the displaced to the stationary- 
intensitv increases with the velocitv of the canal ravs, or hence with 
the amount of the cathode-drop. For mercury lines this ratio is very 
small for small values of the cathode-drop, whence the stationary^ 
intensity is large in proi)ortion to the displaced intensity. A moder- 
ately long exposure for a relatively small cathode-drop can therefore 
probably bring out the stationary line in considerable intensity on 
the photogra])hic ])late, while the movable line (Doppler effect) 
remciins invisible. For two reasons, therefore, careful attention must 
be given that the cathode-dro]) does not fall below a certain value 
during the whole of the exposure. There is therefore no value in 
establishing that the potential (cathode-drop) had a very high value 
during the ex])osure, if at the same time a precaution was not taken 
that it did not during the ex])osure sink below a certain value for 
some time. After I liad recoii^nized the relation between the velocitv 
of transhition and the inlrnsity of radiation, I and my collaborators 
(Messrs. Hermann, Kino>hita, and Sicglj have in all photographs of 
the Dop[)kT effect (in //, //i^, Xa, Ka, \ , and O, in the full apprecia- 
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tion of its necessity, attended to the fulfilment of this condition with 
painstaking care. In our papers we have always stated that during 
our exposures the cathode-drop was not allowed to fall below a defi- 
nite and quite high value; and I may here add the remark that 
for us the problem of the proof of the Doppler effect in a line-spectrum 
has reduced itself to the satisfaction of that electrical condition. The 
spectroscopic technique may be regarded as secondary to the satis- 
faction of this condition. Mr. Hull does not anywhere mention in 
his paper that during exposure he did not permit the cathode-drop 
to fall below a certain value for some time. He does say in several 
places that the tension in his experiments with the induction coil 
reached a high value, and he also estimates with the aid of a spark- 
gap the tension at the canal-ray tube. A spark-gap, however, gives 
only a maximum value of the tension, and does not control the fall 
below a definite minimum value. Nothing is said in Mr. HulPs 
paper as to whether he has done this; and if a revision of his spec- 
trograms should again lead to actually negative results, it is to be 
assumed that he has not satisfied that condition. I mvsclf have made 
no investigations on helium, but for mercury lines at W 4358, 4078, 
4047, 3663, 3655, 3650, 3341, 3131, 3125, 3021, 2967, and 2536 the 
Doppler effect in the canal rays has been unquestionably demon- 
strated bv mvself and Messrs. Hermann and Kinoshita. We have 
three photographs tiken with the concave grating in the first, second, 
and third orders, and six plates taken with the i)rism spectrograph, 
on all of which the Doppler effect in the mercury s})ectrum is dis- 
tinctly visible and measurable. Herr A. Kriiss, of Hamburg (Adol- 
phusbriicke), sells a reproduction of one of our plates, which, although 
inferior to the original negative, distinctly shows the Doppler effect 
for the lines W 4358, 4046, 3663, 3655, 3630, 3341, 3131, 3125, 2967, 
2536. Herr Rau will publish an inves'jgaiion on the Doppler effect 
for canal rays 'n helium. 

The investigation of the Do])pIer effect in canal rays gives us 
information as to the carriers of the line-spectra. To me, however, 
another result seems to be more important, namely, that a relation 
exists between the intensity of radiation and the velocitv of translation, 
the displaced intensity increasing first slowly and then rapidly with 
the square of the velocity of translation. The investigations by my- 
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self for mercury show that for a large velocity the displaced inten- 
sity is photographically demonstrable. Hence, if Mr. Hull's results 
should actually turn out to be negative on a revision of his spectro- 
grams, this probably could be interpreted in a positive sense as 
showing that for a low velocity of the canal rays the displaced 
intensity is very small in comparison with the stationary intensity. 

J. Stark 

Hannover 
February, 1907 



DOPPLER EFFECTS AND POLARIZATION IN CANAL 

RAYS 

With regard to Professor Stark's suggestions I wish to make the 
following comments : 

1. In looking for polarization in the light from the hydrogen 
canal stream I took the precautions to eliminate the effects due to 
the passage of the light through the strained glass wall of the tube 
and also due to reflection from the glass surfaces. When these pre- 
cautions were taken, no polarization was observed even with a very 
sensitive detector. As far as I know, Professor Stark did not take 
these precautions. 

2. Professor Stark remarks that "the problem of demonstrating 
the Doppler effect in canal rays is electrical rather than spectro- 
scopic. '^ In the case of hydrogen, however, there is neither an elec- 
trical nor a spectroscopic difficulty. The effect is very easily obtained. 
But, owing to the fact that the spectroscopic apparatus at my dis- 
posal was not such as I should care to use for an accurate measure- 
rnent of the displacement of the hydrogen lines, I did not include in 
my paper the observations made on the Doppler effect in that gas. 
I may state here, howevTf, that some of my plates show the station- 
ary line on the red edge of a uniform broad displaced band, others 
show the displaced band without the stationary line, and still others 
show the displaced band with the minimum of intensity between. 
But I should not like to attach any great imi)ortance to the last phe- 
nomenon; for it is extremely difficult to keep the potential and 
intensity of the discharge constant during the exposure. If these 
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vary, we should expect just such a phenomenon as we both have 
found. 

3. Professor Stark suggests that **it is necessary to satisfy the 
conditions that the cathode-drop producing the canal rays shall not 
be less than a certain limiting value." The inference is that Professor 
Stark has found that limiting value, and that when he worked with 
canal rays with a cathode potential-drop less than that limiting value 
he found no Doppler effect. It certainly would have made for 
definiteness of our ideas if Professor Stark had given us the limiting 
values for hydrogen and mercur}^ But I am under the impression 
that the discrepancies in our results are not due to a lack of cathode- 
drop in my experiments. In the case of helium, for example, a 
potential of 20,000 volts between plates 10 or 15 cm apart ought to 
produce a sufficient cathode-drop. Nor are the discrepancies to be 
accounted for on the assumption that I have confined my attention 
to the "stationary" line. For in the case of mercury the plates show 
the various satellites as well as the line of strongest intensity. If 
there were a faint displaced component of this strong line, the satelUtes 
in all probability would be entirely obscured. But they are almost 
as clear in the canal stream as in the Pliicker tube. 

I am inclined to the view that the apparent absence of motion in 
the mercur}' and hehum canal streams is due to other particles, pos- 
sibly non-luminous, carrying the ix)sitive charges. From the ease 
with which hydrogen particles are set in motion, it looks as though 
they were those carriers. There is other experimental evidence in 
favor of this hypothesis. 

In conclusion it should be noted that I used an induction coil as 
a potential source. This source, though more or less variable, is 
sufficient to give the Doppler effect in the canal stream of hydrogen, 
but no effect, according to my experiments, in the cases of mercury 
and helium. G. F. Hull 

Dartmouth College 
March 4, 1907 

THE SPECTRUM OF MIRA CETI 

The spectrum of Mira Ceti reproduced in Plate XIV was directly 
enlarged 5.1 times from a spectrogram exposed January 11, 1907, in 
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the single-prism spectrograph. Below this is reproduced also a 
broadened enlargement of the same plate, which displays more 
clearly the nature of the star spectrum than does the narrow direct 
enlargement. The region of spectrum covered by the plate includes 
the four hydrogen lines, Ha, iJyS, Hjy and iJS, all of which are bright. 
It shows the increase in the intensity of these bright lines from the red 
to the violet end of the series. H^ is less intense on the plate 
than Hyj because the HS star image was out of focus on the slit- 
plate and only a part of that light was allowed to enter the slit; the 
effect of this is also seen in the fading-away of the continuous spec- 
trum between Hy and HB. 

There are other pomts where the spectrum appears to contain 
bright Uncs, but at present it is not certain whether these are emis- 
sion lines or only narrow sections of continuous spectrum unaffected 
by absorption. The series of absorption bands, w^hich are sharp 
above and dilTuse below, begins toward the violet at X4584, and 
possibly at X 4463, and extends to the red end of the spectrum. The 
star spectrum stops so suddenly at X 7040 as to leave little doubt that 
another of these bands begins at that point and outruns the sensitive- 
ness of the plate 'into the red. The prominence of vanadium absorp- 
tion in this star is indicated by the close agreement between the 
group of strong comparison lines at X 4400 which are mostly due to 
vanadium, and the grouj) of dark lines in the star. 

Comparison of this plate with those made in 1902 by Dr. 
Stc'l)bins, and published in Lick Observatory Bulletin, No. 41, shows 
that the series of dark bands, in 1902, extended farther into the 
violet to \ 4314, and that the bands were then more intense; and also 
that the bright hydrogen line II 13 {and, by inference, ifa, hkewise) 
was no!: so intense then as it was (luring the recent maximum of the 
star. The region about this line is covered by one of the dark bands, 
the density of which must have some elTeci on the brightness of the 
emission line. 

V. M. Slipher 

Low EI I. ( )lisJ in AIOKY 

r\ Itru.iry (), ifjo; 
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INVESTIGATIONS ON PLANE REFLECTION GRATINGS 
WITH REFERENCE TO THEIR USE IN THE 
ABSOLUTE DETERMINATION OF WAVE- 
LENGTHS' 

By ERNST GIESING 
I. INTRODUCTION AND DESCRIPTION OF THE GRATINGS 

In 1894 A. A. Michelson succeeded in determining the wave- 
length of the red cadmium line at X 6438 with his interferometer so 
accurately that" the results of the separate experiments differed at 
most by 0.0066 tenth-meters, or 1:1,000,000 of the value.^ Rela- 
tively to these absolute measurements, MM. Ch. Fabry and A. 
Perot, ^ by the same method and probably with the same accuracy, 
determined among others the wave-lengths of the mercury lines. 
They obtained the following values, reduced to 15° C. and 760 mm, 
which are important in connection wth the experiments to be described 

in this paper: 

\ s 790 659 

//^ Yellow lines '^5769.598 

Green line 5460.7424 

Indigo line 4358-343 

» Translated from Annalcn dcr Fhysik, 22, 333, IQ07. The paper was an abstract 
from the author's dissertation at Tubingen, i(^o6. 

2 " Determination ex])erimentale de la valeur du metre en longueurs d'ondes 
lumineuscs," Travaux et mimoircs dii Bureau international des poids et mesures, 
II, i8<;5. 

3 "Determination de nouveaux ])oints de rep re dans le spectre," Comptes Rcndus, 

130, 492, IQOO. 
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They further determined the wave-lengths of D, to be 5895.932 for 
15°, or 5895.960 for 20° C. The use of diflFraction gratings for the 
absolute measurement of wave-lengths has been abandoned since 
these results appeared, aside from an investigation by Thal^n/ which, 
according to the criticisms of H. Kayser* must be regarded as unsuc- 
cessful. 

For purposes of comparison I give in the following summary the 
results for the sodium hne D, obtained with gratings by different 
obscr\Trs since 1886. 
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* " BcstimmunR der Wellcnlangc Fraunhofersche Linien." Wifd. Ann., 33, 159, 381. 1888. 
t"On the Absolute Wavc-Lca^tb of Light," .4m. Jour. Sii. (3) 33. 167, 1887; 35. 26S1 1888. 

A study of the investigations of these observers shows that the 
differences between their results are considerably larger than they 
ought to be, as inferred from the errors of the instruments and the 
obsenations. According to the view of Kayser, the reason for this 
lies solely in the inadequate determination of the constants of the 
gratings: the width of the grating divided by the number of rulings, 
without taking into account the undoubted lack of uniformity of the 
rulings on account of technical defects. At the end of his discussion 
Kayser thinks the conclusion is justified that "it is impossible to 
determine the wave-length with gratings to an accuracy of o.i Ang- 
strom units." 

The causes for the lack of uniformity in the distance of two suc- 
cessive rulings are doubtless due to errors of the dividing engine; to 
variations of tem])erature during the process of ruling; to change 

I " Sur la (li'-UTininaiion absnkif dcs lnn]y;iU'urs d'onde de (|Uel(jues raies du spectre 
sol.iirc/'A'f'i"'/ •i<^(<i r/JV'//.. iS()(). 

3 Ifandhuch dcr .Spcktroskopic. I. 707. 
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or wear of the diamond, which surely can occur in ruling 29,000 or 
even 40,000 grooves, as in the case of the gratings used by Bell; and 
finally to the disturbance of a groove already ruled by the following 
one when the space is so small; for it seems inevitable that with from 
300 to 700 grooves per millimeter the diamond will meet with less 
resistance on the side of the preceding groove than on the other side. 
The groove must to a certain degree injure the edge of the preceding 
groove, and itself also be injured. Finally, there might come into 
consideration a mechanical deformation of the substance of the 
grating in the course of time. (See papers by Bell and Thal^n.) 

If we share Kayser's view that all of the determinations above 
tabulated "were executed with about the same care, errors cannot 
be attributed to any of the observers, and they all refer to the same 
standards of length," then the question arises: If a grating is 
ruled under the most favorable conditions; in particular, if the 
sources of error just named are avoided as far as possible, will it then 
be possible to obtain a better agreement than heretofore between such 
gratings? And how will the values obtained compare with those of 
Michelson, and of Perot and Fabry? It must further be of impor- 
tance and interest to discover as closely as possible the degree of error 
to be assigned to a grating. It will be necessary to show that the 
lack of uniformity of the space between the rulings may not exceed 
a definite hmit according to theory, if it is not to render illusory the 
precision of the measures with the spectrometer and the comparator. 

On the basis of these considerations I have, at the suggestion of 
Professor F. Paschen, carried out the following investigations. 

I had for my experiments two reflection gratings made by Pro- 
fessor H. A. Rowland in accordance with Professor Paschen's wishes. 
The material of the two gratings is speculum metal, as employed in 
the other Rowland gratings. On a surface of 10.5 cm' a circle of 
about 9 . 5 cm was plane- polished by J. A. Brashear, of Allegheny, and 
on this plane surface, which was of the same size for the two grat- 
ings, the rulings were executed with Rowland's best machine. The 
two gratings were made in 1899 at the same time, and therefore are 
among the last ruled by Rowland. The ruled surface of the one 
which the experiment showed to be the better, which I shall designate 
hereafter as G^, is 79 mm wide, and contains 3120 grooves, the height 
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of which is about 47 mm. The other grating, which will be desig- 
nated as G„ is 78 mm wide, and contains 3085 grooves of the same 
height as for G^. Thus the two gratings have approximately the 
same constant. It is obvious from these facts that the errors above 
mentioned as probably the most serious are avoided to a greater 
degree than formerly. In spite of the small number of rulings, the 
width of my gratings is exceeded only by that of the two used by Bell. 
This gives the advantage that we can determine the constant of the 
grating — width divided by number of rulings — with an accuracy 
corresponding to that of the spectrometer measures; and, moreover, 
we increase the resolving power of the grating, as is shown by the 
relation 

where r is the resolving power, A, and X + d\ are the two wave-lengths 
which are to appear just separated, b the width of the grating, and 
8 the angle of diffraction. Further details and characteristics of the 
two gratings will be mentioned in connection with the separate 
cxi)erimenls. 

My experimental problem therefore included: (i) a precise 
investigation of the two gratings for their errors, in respect to the 
curvature of the surface and to the lack of uniformity of the space 
between the rulings; (2) a new absolute determination of the wave- 
length of some suitable spectral line by measurements with the 
comj)arator and spectrometer. (The latter measurements were 
actually made in advance of the investigation of the errors.) My 
experiments were carried out in the physical laborator)^ of the Uni- 
versity of Tubingen in the period from December 1904 to Easter 
1906. 

II. INVKSTIGATION OF THE CURVATURE OF THE SURFACE OF THE 

TWO GRATINGS 

The most reliable method for this, whi(]i permits the test of the 
whole surface at oncx^, is doubtless the use of interference fringes 
in the manner of tlie following experiments. The firm of Carl Zeiss, 
of Jena, placed at my disposal a quartz ])late of cylindrical shape 
having a diameter of about 10 cm and a height of about 2.5 cm, one 
surface of which was guaranteed to Ix* j)lane. The plane surface 
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of this quartz plate was laid upon three steel needles resting at equal 
intervals on the surface of the grating. The needles permitted me 
to vary the distance of the two surfaces and exclude any adhesion 
which might injure the surfaces. The objective of the telescope 
of the spectrometer was laid directly on the quartz plate, the whole 
apparatus being soUdly built up on a horizontal surface. At the 
focal length of the objective a circular mirror of a few milUmeters 
diameter was placed a trifle to one side of the optical axis of the 
objective, and this reflected the light of a sodium flame upon the 
objective, quartz plate, and grating. The interference phenomena 
in the sodium light reflected from the plane surface of the quartz 
plate and the grating could be seen directly beside the mirror. If 
the grating surface was accurately plane, it should be possible to 
make all the fringes disappear. For G^ this was possible except 
for one fringe, which had a width of about i cm, and lay approxi- 
mately parallel to the rulings; this was slightly curved above and 
below. The remainder of the field of view was wholly bright. The 
whole apparatus was left to itself for several hours for the purpose 
of eliminating any possible differences of temperature, but the results 
were the same. We may therefore conclude that the ruled surface 
of grating G, exhibits no differences of more than i of a wave-length 
of sodium light (X 5893, mean for D, and D,). 

Precisely the same experiment gave the following result for G^: 
A position could be found at which a dark shimmer appeared solely 
close to the left and right edge of the ruled surface, while the remain- 
ing surface was uniformly bright. This justified the conclusion that 
no differences of more than } of a wave-length occurred in the ruled 
surface of G,. 

Of course, this tells us a Httle as to the nature of the curvature; 
but we may assume it to be approximately cylindrical for G^ with 
the axis parallel to the rulings, as may be j)erceived from the single 
interference fringe; we can only suspect the same to be true for G,. 
We do not know, however, whether the grating is convex or concave, 
whence it is practically imy)ossible to employ the theory of the cun-a- 
ture of diffraction gratings developed by Cornu.' But I will give 

I "Sur la ditTrac lion; j)r()i)ricu'(.'s focalcs dt-s resraux," C^mptcs Rcudus, 8o, 645, 
1S75; '• Kiudcs sur li'S rt'scaux dilTringt-iits;" " Anonialit-s focales," ibid., I16, 1215, 
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a geometric representation which permits us to judge of the amount 
of the error which might be caused, particularly for my two gratings, 
by this cur\^ature. Let the curvature of the grating be considered 

cylindrical, and the section A , 
^4^, an arc, represent the ruled 
surface in Fig. i. Now, if w^e 
assume the grating to be free 
from errors in regard to sur- 
face, and consider it first at 
the point A^ and then at the 
point -4 2, perpendicular to the 
radius of curvature of the 
concave grating, then the two 
directions will form the angle 
7. If wc now let parallel 
light fall on the grating, that 
is E^A^^ be parallel to E^A ^^ 
the rays will make an angle 
of incidence E^A^N^=a^ at 
the first position of the grating; 
and the angle of incidence E^A.N 2 = a^ at the second position. We 
then have the followins; relations: 

E,A,B=TA,F = R + a,=R + a,-\-y ^ 

Applying this now lo ihc actual condiiions, the greatest differences 

of the surface of the grating will be: for Gj, - ; for G^, - ; whence 

4 2 

A,C =- - or - . 

4 ^ 

U wc then makr .1 ^B e([ual to one-half the width of the grating we 
obtain for Gj, 

40 20 

tS(^^; *'Sur (Iiv(TM'^ nu'iliodt-s rd.ilivcs a l'<)l)^i'rv.ini)n drs prDpriclces appelecs 
'anonialii's foiali's' drs rt'st-aux fliiTrin^cru-^," ihiiL, \.[2\, iS()j^; ''Verifications nume- 
ri(iiu'*^ relatives aux [)r<»[)ririeis foe ales (le.> reseaux (lilYriiig^.nts plans,*' ibid., II7, 
10.:; J, rS(;3. 
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and for G.^, 

We thus compute 7 for G, to be about f"; for G,, about i|". 
The angle of incidence therefore may differ in an extreme case 
for the whole surface of the grating by this amount, whence we may 
safely draw the conclusion that the two grating surfaces depart so 
slightly from the plane that they may be regarded as perfectly plane 
in practice; that is, within the accuracy of the measurements. 

III. INVESTIGATION OF THE TWO GRATINGS FOR IRREGULARITIES 

OF THE SPACE BETWEEN THE RULINGS 

The practical problem is to establish quantitatively the amount 
of the irregularity in the separation of the rulings, whether it be 
caused by the curvature of the surface or by the other defects men- 
tioned previously. It is neccssar}^ for this purpose to examine a few 
rulings at a time successively over the whole ruled surface. BclP 
evidently had in mind the method that I have employed, but, as 
his description indicates, he does not seem to have accomplished 
his purpose in consequence of technical difficulties. He therefore 
calibrated his gratings with a comparator, with the consciousness 
that the cahbration only approximately disclosed the errors. I have 
succeeded, however, in obtaining with an angle of 26°, and using the 
method of auto-collimation, a diffraction image from as few as 40 
rulings, which appeared sufficiently well measurable when photo- 
graphically recorded. The 40 rulings were cut out by a slit parallel 
to the rulings, which was moved along in front of the surface of the 
grating. The errors of spacing then appeared to the eye as the 
oscillations of the spectral line with respect lo the cross-hair in the 
eyepiece when this slit was moved with sufficient rapidity. Thus 
my method of detecting the errors of the grating shows directly 
their effect on the pattern, which is the essential matter, and per- 
mits me to determine, for each desired limited region of the grating, 
the ditTerences of spacing. Thus the method should be preferable 
to that of Bell. 

The spectrometer used was the same one with which the measures 

I Am. Jour. Set. (3) 35, .^57, i''^<^<'^- 
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of the angle of diffraction were made. It was made by R. Fuess, of 
Berlin-Steglitz, according to Professor Paschen's designs, and for 
the particulars I would refer to my dissertation. The essential thing 
to be remarked is that the two Porro microscopes read directly on 
the graduated circle to i", and permit an estimate to iV'. The original 
telescope and collimator could not be used on account of too small 
aperture, and so they were replaced by others made by Zeiss ^dth 

aluminum tubes. The 
objectives were apo- 
chromatic triplets with 
an aperture of about 
70 mm and focal length 
of 43 cm. The ordi- 
nary eyepiece of the 
telescope could be re- 
placed by a slit-eyepiece 
which I used for the 
majority of my experi- 
ments. The lower half 
of this eyepiece is 
occupied by the slit and 
the total -reflection 
prism, which throws the 
light through the objec- 
tive upon the grating; 
a reticle occupies the 
upper semi-circle. 

A mercury arc in 
vacuo served as the 
source of liglit. Professor Paschcn had several lamps constructed 
according to Arons' ])rinciple, which gave an excellent light with 60 
volts anrl 4?, am]H*res, and could run for 20 minutes without 
interruption for cooh'ng. 

Via:. 2 sliows tlie arran<ainent for cuttini^: out a small number of 
rulings and for i)hotogra])hically recording the resulting oscillations 
of the s|)ectral line em])loyed. The adjustment of the photographic 
cxi)eriment is carried out in the following steps. The grating G is 
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placed in the holder GH^ with the spectrometer table removed. A 
thermometer T, graduated in tenths of degrees, and permitting 
estimates within a few hundredths of a degree, was attached to 
this grating-holder in a mercury capsule. Care was taken that the 
variations of temperature did not exceed o?i during an experiment, 
which often lasted through several hours. The grating w^as now 
adjusted for auto-colhmation. The sUt for cutting out the small 
number of ruUngs was adjusted parallel to the rulings. The gradu- 
ated circle w^as turned until the line to be photographed appeared 
in the desired order beside the vertical mark in the eyepiece which 
replaced the cross-hair. The films employed were hardly sensitive 
to the lines X 5460 and 5790, so that I was compelled to use the blue 
hne A, 4358, w^hich was photographically effective. The eyepiece 
was replaced by a Zeiss "planar" lens, 1:4.5, of focal length 35 mm. 
The camera C was displaced in the direction of the telescope's axis, 
so that subsequently the film was moved past in the focus of the 
planar lens. Everything w'as screened off in front of the film by 
black cardboard, except a horizontal strip 1.5 mm high, in which 
appeared the mark and the spectral hne. The film, of EngUsh manu- 
facture, 4 mm wide, was placed in the camera on the roll IF, and 
then the experiment could be begun. In principle it consisted in 
moving the slit directly in front of the grating by an improvised clock- 
work U turning the shaft W ^ and simultaneously unrolling the sensi- 
tive film. At the beginning and end of each experiment the image 
of the uncovered grating is photographed ; and at the conclusion it is 
repeated after a change of angle of 60", so that the variations could 
afterward be measured according to their amount in seconds. In 
my dissertation I have treated in extenso of certain possible outside 
errors which might equally produce apparent variations of the sj)ec- 
tral image on the film, not due to the irregularity of the grating-space. 
I have there described how I avoided such errors, principally by the 
greatest possible variations in the experiments, as they might produce 
verv serious confusion. 

At an angle of incidence of 26° i', the hmiting measurable visi- 
bility was about 40 rulings; and for this the necessar}- exfx)sure was 
so long that I had to content myself with taking short sections of 
equal distances successively over the grating, while with the wider 
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slit, for which a decidedly shorter exposure was sufficient, I could 
readily cover the grating in a few hours. 

In the measurement of the films the point was to be able to 
measure the variations of distance between the spectral image and 
the mark corresponding to the displacements of the moving slit. For 
this purpose I calibrated the films perpendicularly to the image of the 
mark on a dividing engine. I had for the measurement an ordinary 
microscope with micrometric stage and rotating plate. The ratio of 
enlargement was reduced by a suitable combination of lenses to 
about 1:2.5. The micrometer screw had a pitch of 0.2 mm, and 
one division of the head was equal to 0.002 mm. By the use of the 
well-known method of adjustment the shortest distance of the spec- 
tral line and mark was always measured. Subsequently the measure- 
ments were arranged graphically, the displacements of the slit being 
})lattcd as abscissae, and the corresponding distances between the 
mark and spectral line gave the ordinates, for wliich the variations 
were exhibited by a curvx*. The most important of my experiments 
were the f ollowini^ : 

A. Six measurements l)y sections with a narrow slit, i mm being 
about eciual to 40 rulings for grating (7^. 

\ -4358. 51st order, to the left, /- 26° i'. To each section corre- 
sponded an ex])()sure of 40 minutes and 360 revolutions of the smallest 
wheel of the clockwork, whence 3.5 mm of displacement of the slit 
was ecjual to about 141 rulings, so that the whole number of rulings 
that were allected was 141-^40 = 181, the displacement of the slit of 
about ().3 mm corresponding to one revolution of the largest wheel 
of the clockwork. The slit was (lis})laced about 10 mm between 
e\'ery two sections. 

I will content myself willi [)u])lishing the numerical data of sec- 
tion 4 for illuslratini,^ the measures. I re})eated all the measurements 
as shown in coKimn ^a: each fii^uire of this column denotes the mean 
of three sittings on the ccnlc-r of the s|)eclral line: column 5^ gives 
the niL'an of these two measures. The significance of the other 
columns is as follows: The first gives the tem})erature during the 
e\[)osure; the second, the length of the strip of lilm used; the third, 
the displacement of the grooves for one interval of caHbration; the 
fourth, the interval of calibration at which the measures were made; 
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column 6a gives the largest difference of distance between the mark 
and the diflfraction pattern within one section, 
which is converted into seconds of arc in column 
6, while c contains the corresponding diflference of 
the constants of the grating. 

The accompan)dng Figure 3 is a copy of the 
section with the mark at the right and spectral line 
at the left; but unfortunately the copies do not Fig. 3 

satisfactorily represent the originals. 

EVALUATION OF THE DISTANCE OF 6o" 
The Entire Grating, January 17, 1906 




Position 



Mark i. 
Right Edge 



Spectral Link 



11 = 1 + 60" 



Right Edge Left Edge I Center 



Distance 
FROM Mark Difference 
to Center \ II — I 

OF Line i 



2 .081 
2.081 



7 936 

8 752 



8.858 
9.676 



8.397 
9.214 



6.316 
7 133 



V- 



817 



The difference between the mark and the mean diflfraction pattern 
amounts to 6.316mm on the film. A displacement of the spectral 
image on the film of 0.817 mm corresponds to a rotation of the gradu- 
ated circle of 60". 
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The following six curves exhibit the variation of the ruling-space 
for all the six sections of the experiment. The fourth curve from 
the top in Fig. 4 corresponds to section IV, the measurements of 
which are given in full. The straight line corresponds in all cases to 
the diffraction pattern of the full surface of the grating. The accuracy 
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of Tmasiirtmi-nts is seen to be not very ^reat on account of the indis- 
tinctness of ibe spectral line; the error can amount to a few hundredths 
of a millimeter, equal to about 4", l)ut in general would hardly exceed 
2". The })re^•ious ex[)eriment shows that by the isolation of a small 
numlur of rulings we ha\e to do with very considerable variations; 
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that is to say, we cannot properly speak of a constant 0} the grating. 
The largest diflference between mark and spectral line in the whole 
experiment is Fig. 4, fourth curve; 2 — first curve; 14=33^5=84.5 
A.U. (i : 3000) diflference of the space between rulings. It is a strik- 
ing fact that sections I and II lie throughout below the line of the 
image of the whole grating, whence it would follow that at this edge 
of grating Gj the constant was too great throughout. The later 
experiments with wider slit confirmed this fact. In fact, Bell found 
something similar in his calibrations. 

According to this experiment periodic errors could not be proven 
to be present; if they actually exist, they are apparently so aflfected 
by other errors of the rulings, which operate first to intensify the phase 
(see fifth curve at 9) and then to weaken it, that they no longer have 
any validity as such, and have no practical signification. Rowland's 
theory for the periodic errors of the spacing of gratings therefore 
cannot be applied.* 

An experiment B then followed, in order to determine in what 
ratio the oscillations decrease on increasing the number of ruhngs 
which are simultaneously cflfective. The section from the middle of 
the grating Gi was used in precisely the same position as in experi- 
ment A, For a definite section of about 25 rulings — to select at 
random an example of the figures — the oscillation changed as 
follows : 



No. of Rulings ^„ „ .. 

Effective i OsciUations 



100 ' 0.021 mm= 1^6— 4.0 t.-m. diflercncc from c 

80 ' o . 04 j^ = .V 2 = 8.1 

60 • o.iio =8.3 = 20.9 

40 0.140 =10.5 = 26.5 



No relation can be proven to exist between these figures, but 
it could scarcely be present as long as the spacing does not var)' 
according to some law. 

I then made for grating G, two experiments similar to A and B. 
The result was quantitatively and qualitatively essentially the same 
as for G,. I therewith gave up experimenting with the narrow 

I "Gratings in Theory and Practice," Astronomy and Astrophysics, 12, 129, i8()3. 
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slit, hence with the small number of grooves. But it was of impor- 
tance, and in practice of interest, whether on selecting a considerable 
number of rulings (I usually took 200), differences as compared with 
the spectral image of the entire grating would appear, and in what 
amount. This experiment, on account of the short exposure required, 
could be extended over the whole grating, which was of course impor- 
tant. I made such experiments for both gratings in the most varied 
positions, in order to be sure of the outside errors previously described 
as possible. The spectral line was so cleariy and sharply defined that I 
could very readily set on its edges. The accuracy of the setting is there- 
fore decidely greater than for A and B, These experiments are desig- 
nated in the original by *'C" to "G" with their results in the accompany- 
ing table. A peculiarity appeared for G^, that at one edge the spectral 
line appeared to be split and superposed upon itself. "F" showed 
this so strongly as to aflfect the measures. The experiments give the 
result that for both gratings, even with a wide slit where as many as 
200 grooves are aflFected, still we have to do with noticeable oscilla- 
tions of the diffraction pattern. I shall therefore appropriately dis- 
cuss this further in speaking of the results for the next experiment, 
the absolute measurement of the wave-lengths of the mercury lines 
X 5460 and 5791. 

The fundamental formula for the determination of a wave-length 
by the grating method is given by the theory of diffraction of light as 

m\ = c (si n (8 4- /) — sin /) . 

Here X. denotes the wave-length to be determined, c the grating- 
constant, i the angle of incidence, S the diffraction angle of the light 
employed, m the order. 

IV. THE CONSTANT OF THE GRATING 

In spite of the results of the previous section, I was at first obliged 
to avail myself of the customary practical definition of the constant 
as the width of the grating divided by the number of spacings. I 
had a small Zeiss comparator for measuring the width; with a magni- 
fying power of about 60, two rulings (of which there were about 40 to 
one millimeter) were well separated, and permitted me to detect the 
details of their form. With suitable illumination the unruled portion 
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of the surface appeared dark, and upon it each ruling was projected 
in the form of the diamond which had ruled it as a system of four 
bright parallel lines; on closer examination these had a trough-like 
appearance. The grooves of Gj appeared more brilliant and sharper 
than those of G,. It was easy with this large grating-space to count 
the grooves, and I found 

31 19 spaces on 79.0 mm for G, ; 
3084 spaces on 78 . 2 mm for Ga . 

In the course of my experiments it appeared, however, that the 
small Zeiss comparator was not adapted to the large degree of pre- 
cision required, whence at the conclusion of the experiments, both 
gratings were sent to the Normaleichungskommission at Berlin, 
where the widths were measured with the apparatus there available. 
The result of the four scries of measures made, each of which included 
32 experiments, is as follows: 



retina Width Reduced to Deviation from \ i^^^^^^^^fJ^l 



Gi 1790101-}- 50.1 /u 0.5 M ' i7°66— i6?oi 

^'i + 50-7 I 0.3 17.14-15-97 

Ga 78 mm -f 162 .2 0.4 I 17.96—16.35 

Ga +l6_:^.I 0.4 17.58— 16.41 



The commission remarked: *'The uncertaintv of the absolute 
amount of the widths of the gratings is to be taken at about ±i A^ for 
room temperature of 4-17° C. If observations are made at another 
temperature, there will be added to this uncertainty the possible 
error in the assumed coefficient of expansion, which we should esti- 
mate as about ±0. 5 A^ for 1° and one meter's length/' 

The final result for the width of the gratings, that is, for the dis- 
tance of the center of the first lo the center of the last ruHng, measured 
perpendicularly to the rulinpjs, is: 

Gi = 79 .0504 mm at 17° C. , 
(j2^7^^- I ^^^9 nim at i 7° C\ . 

Therefore the grating-constant is: 

for (i, , r : = 25.3447y/A at 17°, 
for Cr^j, (=-2^.7,446^^ Ai 17°. 
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The uncertainty of these two absolute values would therefore 
probably not be greater than ±0.0002 At for 17°. 

The coefficient of expansion e of the substance of the grating I 
determined by comparison of the widths at different high tempera- 
tures; and again by the method given by F. Kurlbaum/ where I 
adopted n = 1.0002 763 from the determinations of Kayser and 
Runge* as the index of refraction of the not dry air at 16°, and 760 
mm for the wave-length of the light I used, Hg X 5460. The 
coefficient of expansion for the two gratings resulted in the mean 
€ = 18. 26 At for 1° C. and one meter, with a mean error of ±0.10 fi. 

The spectrometer measurements which I made use of were con- 
ducted within the range of temperature 15° to 19° for G„ and 13° to 
23° for Gj (once at ii?5); of these the measurements of the width of 
the grating were made between 15? 7 and i7?6o for G, and between 
i6?35 and i7?96 for Gj. Accordingly the greatest possible difiFcr- 
ence of temperature is in round numbers 6° between the measure- 
ments of the width of the grating and those with the spectrometer. 

But an error of 0.5 ft in the coefficient of expansion with such a 
maximum difference of 6^, would involve an error of the grating of 
only 3 parts in a million. This error is therefore smaller than the 
uncertainty arising from the errors of observ-ation, whence we may 
regard the coefficient of expansion as determined with sufficient 
accuracy. 

V. MEASUREMENT OF THE DIFFRACTION ANGLE 

The spectrometer, grating-holder, and thermometer which I used 
have already been described in Section III. The equation for deter- 
mining the wave-lengths from grating measurements, derived from 

Huygen's principle, is: 

;;/A. = ([sin (8-|-/) — sin /] (i) 

If the surface of the grating is perj)endicular to the incident ray, 

i = and ( i ) becomes 

?fi\ = c sin 8 . (2) 

If we observe on the other side of the direct image the order 
corresponding to that of equation (1), we may write it 

w/A. = r[sin /-|-sin (8—/)] . 

' W'ied. A fin., 33, 393, 1888. 

^ Ibid., 50, 2(^3, i8()3; also Sitzuuf^sberichle der Berliner Akadcmie, 1803. 
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In the use of the slit-eyepiece, the incident and the diffracted rays 
coincided, that is 

8 = 2/ . 

Then the previous equation becomes : 

wA = 2rsin/. (3) 

which position corresponds to the minimum deviation. 

The two methods of observation depending on equation (2) were 
exclusively used by mc, particularly the slit-eyepiece. It required 
no setting on the direct image, which was impossible w^ith my 
objective on account of parallax. I therefore in my measurements 
always set on the same order to the left and right, and took half of 
the resulting angle. The adjustment for the method of auto-colli- 
mation was the simplest imaginable. The axes of telescope and colli- 
mator coincided. After parallax had been eliminated between the 
slit and the green mercury line, the position of the grating w^as regu- 
lated by the two screws of the spectrometer table, until on turning the 
grating by the graduated circle (the telescope always remaining 
fixed by this method) the ujjper edges of the spectral images of the 
different orders, Ijotli left and right, all touched the upper edge of 
the slit as they passed through the field. Thus the rulings w'ere par- 
allel to their axis of rotation, that is, to the axis of rotation of the 
spectrometer taljle. Then the grating was slightly tilted by a very 
shght turning of the two screws of the spectrometer table, so that 
the s|X'ctral image reached over upon the sHt, wliich could therefore 
be used as a ])ointer, and thus the adjustment was complete. 

Tlie adjustment of tlie spectrometer for using the collimator is 
decidedly more comi)licatcd, but tlie steps are famihar, and moreover 
were fully described l)y Kurlbaum (lor. cil.). 

I first made a series of ex[)eriments for acquiring general acquaint- 
ance with the arrangement for auto-collimation. 

Tlie formula 

)n\ = 2c >\n i 

shows that the si)ectral images of a definite wave-length of differ- 
ent orders must follow rapidly after each other, w^hen we consider 
that tlie grating-constant is a])out 25 /x; in a theoretical case for 
sin i-i, even a goth order should l)e possible for X 5460. In these 
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experiments grating Gj was superior to G, in the brightness of the 
images. Both gratings showed ghosts, but they wxre so faint that 
they did not in any case disturb the principal spectra. Both showed 
that the actual grating in no wise fulfils the ideal case, according 
to which the intensity of the spectra must decrease with increase 
of order. As I always used for my angular measurements two 
corresponding orders left and right, there were few of the great 
number of images present which could be used for my purpose, having 
an equal intensity right and left. With G^ the 75th order was 
distinctly perceptible, while with Gi I could go beyond the 80th. 
Aside from the lower orders, which I did not use on account of the 
too small angle, sufficient equality was found right and left for the 
following orders : 



For Gi 



Per G. 



Order 



20 
39 



53 
Si 



i (approx.) 

12° 26' 
24 50 

34 49 
44 27 
60 46 



Order 



I (approx.) 



2 2 I,^° 42' 

41 ! 26 13 

72 50 5- 



I then made extensive experiments to determine whether the 
spectral hnes of different high orders and of different orders right 
and left required a different focal setting; but, in spite of the sensi- 
tiveness of the objective, I was unable to detect any parallax in the 
different cases, a proof of the excellence of the gratings. 

In the experiments with the use of the colh'mator tube, it was not 
possible, on account of the large diameters of the two tubes, to bring 
them closer than an angle of about 57°. Thus the lowest order 
which could be observed was the 38th; the 39th to the 42d orders 
could be used and were verv briorht. 

THE DEFINITIVE MEASURES 

I here used exclusively the mercury lines X 5460 (green) and 
X. 5791 (yellow), giving up the comparatively weak hne at X 4358. 
I did not undertake a caHbration of the graduated circle, but, 
instead of this, I at first turned the circle by 60^ six times for each 
series of measures, and then repeated the measurement. The results 
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of this experiment soon justified me in contenting myself with a 
single repetition at 90°, so that the the effect of the eccentricity was 
eliminated. As is seen from the following table, I almost exclusively 
employed for the precise measures the method of auto-collimation, as 
this made it possible to work very quickly and surely. 

I give now an example of a series of measures; all the measure- 
ments subsequently used follow this scheme. The atmospheric pres- 
sure was read from a barometer in an adjacent room. The readings 
in seconds given in the following scheme one above the other, which 
arc afterward combined in a mean, correspond to each setting on the 
spectral line, and arc in each case the mean of three settings of the 
double thread on the particular division of the circle concerned. 

Grating (1,, Ilg X 5460. Aulo-iollinialion. 65lh order. Turned once 90^ 

March 2_^, i()05 



C.irclt' in I Temp. Pressure Onifi 



MU ROSCOPE I 



Microscope II 



Separate Sellings Mean Separate Settings Mean 



1 4? 70 ' 7Jt;.o 
1 at 
14:2 



l'»)>ilion I 1477 =-^ 



at o 



. 2 I 



14. 7S 



left 



ritrht 



left 



.^7-1' ; 53 

iS 16' .^7.0 37:23 198^13' 53 

M(^' j 53 

4:?<) ' 57 

2S.J 22 42. () 4" <)7 no 19 57 

43 • I ' I 5^ 

.^s.4 ^'' ^"^ I -^ ^ 54 



I \ ■ 7') 



piiNiiinn II 
'I'uriicd 00 14-7'; 



14 7'^ 



34 o 54 

left loS 16' 34.2 34.07 '288^13' 55 



72.ro , 
at 

M-3 



34 o 



55 



at o 



!0 



rif^ht 



lift 



40.0 I 57 

n> 22 30.7 3(}.^)7 2o<) iQ 57 
^^i-:^ ' 57 



^1 53-53 
8, 



4, 57-63 

il 

o 

J 54 25 



91 

i| 55 00 

O'l 



2 57 50 
4i 

3I 



loS 22 -^^^'^^ ^4.00 288 M ^^'^ S^-io 
34 I •'* I -^ 55 o ^* 



r- 



54:26 

^().()2 

-44 2Ci'57!'7Ci at 14*^77 and 727.21 mm jm-s-^urc 



s^^J6 






54.40 

Poitinii II: 2/=SS :^^' •^" "'"'^ 

54 30 • 

57.00 
.|4 20'57'()S at T4?79 '*'^'^ 7-7 -^ '""^'^^ pn-ssure. 
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I computed the wave-length X from each of these two determina- 
tions separately, and I take the mean from the two values thus obtained 
as the definitive result of the series. The corrections applied in the 
following tables to the wave-lengths for the effect of temperature and 
pressure were reduced from the relation 



A( I +0.0C000039 2_ t ) = constant' 



where X signifies a definite wave-length, p the pressure in millimeters, 
and / the temperature. Accordingly for + 1°, X increases by about 
0.95X10"^ X; and for — i mm change of pressure, byo.36Xio''^X. 
The significance of the columns of the following tables, in so far as 
not directly stated, is as follows: 

Two gives the line used ; 3, the method of measuring with the spec- 
trometer; 4, the order; 5, the number of repetitions; 6, the observed 
temperature (C), a being the mean and ^ the largest difference occur- 
ring during the measurement; 7, the air pressure reduced to 0°; 8, 
the angle of diffraction ^, a being the mean of four differences, and y3 
the largest difference in seconds ; 9, the grating constant expressed in 
microns and reduced to the temperature of the angular measurement ; 
10, the wave-length X for temperature and pressure of the angular 
measurement; 11, the corrections to X on account of temperature 
and pressure for reduction to 20® and 760 mm; 12, X plus reduction 
for the separate measures; 13, the final resulting X for each scries 
from the mean of the separate measures ; 14, the residuals of the sepa- 
rate measures from this mean ; 15, the residuals of each series from the 
final mean of all the scries, hence from the definitive wave-length to be 
given below; 16 further gives the effect of the error of 1° C (a)^ i mm 
pressure (/5), and under 7 the effect of i" of angle of ^^*or S on the 
wave-length X. All the quantities in columns 10 to i6*are expressed 
in A.U. 

The comparative measurement in the different orders for grating 
Gj is more comprehensive than it could be by any earlier'observer; it 
yielded a perfectly satisfactor}' agreement, all the* differences falling 
within the hmits of error mentioned. The same is to be expected 
for G3, since the measures by auto-coUimation and the'measures with 

I This is the fornuila \\lii< h K())ilraus( h gives iPrakt. Phys.,^iqoi, 9, 588); it 
was sati'>far lory for my purposi-s. as I have proved. 
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the collimator tube, where the difiFraction angle is about 2 J times 
greater in the latter case than in the former, also were in entire agree- 
ment. The final result of the spectrometer measurements, using the 
widths of the grating as determined by the Commission, is given in 
the tables as follows for 20° C. and 760 mm pressure. 



G, Gj 



Green mercury line 54^0 . 785 ' 5460 . 753 

Yellow mercury line 57<»o . 7iy ' 579° -^Tg 



Mean 



5460 . 769 
5790.690 



The inaccuracy of the results for each grating, on account of the 
errors of observation and of the instruments, can scarcely exceed a 

o 

few hundredths of an Angstrom unit for the line X 5460; for \ 5791 it 
is doubtless larger, as I have contented myself w^ith only one Sc-ries 
of measures with that line. The object of this research came to be 
the measurement of one line accuratelv. As to the errors of obser- 
vation and those of the graduated circle, I could probably have 
attained a certainty of approximately o.oi A. U. by increasing the 
number of spectrometer measurements; but I contented myself with 
the previous experiments, because, from what was said at the begin- 
ning of this paper, it would have been a fruitless undertaking to 
attempt to attain with gratings the accuracy of the results obtained 
by Messrs. Perot and Fa])ry with the interferometer. The question 
was rather this with respect to the results of Kurlbaum and Bell: Will 
my results agree among tliemselves, and with those of Perot and Fabry 
within tlie limits sut by the errors of observation, of the graduated 
circle, and of the comparator? We see that my gratings exhibited 
between themselves ditTerences similar to those in the gratings used 
by Bell; compared with the ^'alue found by Perot and Fabr}^ at 20^ 
and 760 mm for the green line, viz. 5460. 768 A. U., my results showed 
the following: dilTerences: 

o 

J\'n)t and I'^ihrv - (i,= -o.oi- A. U. 

- - I J ;; = -h O . O I ^ 

'J1k' (lilTcrencrs of llu* results of Kurll)aum and of Bell, respectively, 
from those of PltoI and Faljrv, for D, (A. 5cS()6) are 

o 

Kiirlhniim IV'mi and Fahrv: -0.10 and 4-0.02 A. U. 
Hell '^ " '' ' -fo.22 " -ho.27 " 
4o.ig " -1-0. 21 " 



— -1 
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Hence we sec that my results are in thoroughly satisfactory agree- 
ment with those of Pdrot and Fabry within the limits of accuracy. 
Kurlbaum's results approach this agreement, but it must be admitted 
that, while Bell's experiments were carried out with the same care, 
and furthermore with better gratings than Kurlbaum's, nevertheless, 
or perhaps on that account, the above comparison compels us to 
assume that Bell was subject to an error which cannot be attributed 
to the defects in his gratings, as treated by me in Sections II and III. 

The question now is: How do my results compare with the con- 
clusions of Section III ? We must here bear in mind that the calibra- 
tion only partially explains the action of the whole grating, inasmuch 
as the larger intervals of the grooves (hence from o — 31 19 or o — 3084 
rulings) are effective for the whole grating, and these were not inves- 
tigated in the calibration. This explains why the line given in the 
table on page 250 as "center of gravity" hne need not fall in coinci- 
dence with the spectral image of the entire grating. My experiments 
with the oscillations, however, give a basis for the following consid- 
erations, which are due to Privatdozent Dr. R. Gans, of Tubingen, 
and the computations based upon them. 

The theory of the grating gives for the distribution of intensity 
of the diffraction pattern the following relation.' 

sin-^ — sin^ p 

2 2 

in which 

/x==':-(Mn <^-f sin ip) , (2) 

where X denotes the wave-length, <^ the angle of incidence, and >/^ the 
angle of diffraction. 7^ denotes the intensity for the diffraction 
angle zero (m =-0), as it would be for a slit ; p is the number of rulings, 
a the rellecting portion between two rulings, and d the width of a 
ruling, whence a- d is the grating constant. 

The intensity regarded as a function of /x is a maximum, if 

I Si-t" Mann and Millikan's translation of Drudt-'s (^plicsy i(;oo, p. 222. 
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This occurs for 

^°^aTd^ (^^=0, 1,2 ) , (4) 

tn being the order of the diffraction image. 

Now, if there is a small error of any given sort in the grating, the 
intensity of the diffraction pattern will no longer be given by J^ from 
equation (i), but it will be 

/=/o+/i, (S) 

where 7^ is a small quantity to be added to 7o, aiid is also a function 

of f^' 

The position of maxima is now found from 

<//x dfji dfJL ' 
This equation is no longer satisfied by /x^ from (4) but by 

/x=/Xo + 8^, (7) 

where 8/x indicates the small error in position of the diffraction pat- 
tern. Neglecting the higher {X)wers of 8/x, (6) and (7) give 

(:'r) H7')'''Hf) =- («) 

From (3) and (4) the first term of (8) disappears, and we obtain for 
the error in position of the dilTniction pattern 

/dJ\ 



O 
(If-L- 



M --■ f* J 



Consider now tlie amplitude. For a grating without error, let the 
amplitude of the diffraction pattern in a definite order be expressed 
by .-lo, if only the ;/th part of the grating is effective. If the whole 
grating is effcrtive, so that tht-rc are n elements of the wave in the same 
})hase, the amplitude will l)e ;/Ao. C\)rres]:)ondingIy the intensities 
/q- /I,.' or J^--}i'A^% according as the ;/th portion or the whole 
ixratiuL^ is eff eclive. 'Hiis mav also he dtTived from (i). 

For an imperfect grating the amplitude is given by 

.1 ^ .lo + -i 1 . (10) 
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in case the wth part of the grating is effective. A^ is here a small 
quantity in comparison with A^, If the whole grating is used, the 
amplitude becomes 

A=nAo+^^Ai . (11) 

^ ^Aj denotes the sum of the amplitudes, which are added on account 

of the errors of the whole grating. But in case the errors are not of a 
systematic nature' the quantities -4 „ on account of the different phases 
of the erroneous elements, will regularly alternate in quantity, magni- 
tude and sign, so that ^^^i is of the order of Aj^ and not of the 
order w^ I- 

The intensity of the nth portion of the erroneous grating is there- 
fore 

.42=/lo' + 2.4.4x, (12) 

since we may neglect ^4 ,*. 

But the intensity of the whole grating is 

/=/o+/i = («.4o+ V/lx)') 

Si • (13) 

Aj ) 

Therefore 

/i=2W/lo^^/li . (14) 

The numerator of (9) will therefore be of an order « times as great 
if the whole grating is used instead of its wth portion, while, on the 
contrary', the denominator will become n^ times as large. It follows 
from this that the order of magnitude of the error in the position of 
the diffraction image becomes n times smaller if the whole grating 
acts, than if only its wth portion acts. 

This result for the error is not rigorously correct, since A^ and A^ 
depend upon the whole grating-width in the manner given, while the 
differential quotients with respect to /x depend upon it in a compli- 
cated manner, and, moreover, perhaps not only the higher orders of 
8/i may lie neglected. In any case (9), in connection with the reason- 
ing regarding the amplitude, gives an idea of the error committed. 

I Sec T.()r<l Ra^Ui^h, Pin'/. M-iq. (4) 47. 103-205, 1S74; Rucyc. Bn'ttanicn (q) 
24, 43 S. 
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Since my gratings, as has been shown, satisfy the conditions that 
no systematic errors are present, what precedes can be immediately 
applied to Section III. I give here as there, for the whole grating 
also, the order of the deviations in seconds, in the last column. 



rating 


Desijj. of 
Experi- 
ment 


Angle of Dif- 
fraction » 


Effect in A. 
r. of Er- 
1 ror of 1" 


1 

n 


Greatest 
Departure 
from "Cen- 
ter" Line 


Order of 

Magnitude 

of De\'ia- 

tions for 

Entire 

Grating 


Gx 


A 


2() l' 


0.054 


1 3119 .8.0 


19^0 


0^24 


G, 


c^* , 


26 I 


' 0054 


. V0V-IS.5 


51 


0.34 


G. 


D 


26 I 


0.054 


' 3i iP ICC 
2 It ^b ■ J 


5-6 


0.36 


Gx 


E 

1 


-'^> M 


0053 


3110 Tc C 
2 11 ^5 


6.4 


0.41 


G, 




l«) 34 


0.074 


1 2 u * 5 ■ 4 


5-3 


0.34 


G, 


(; 

tal>le. p. 348 


I'' 35 


0.074 


3 0^4 , c - 

12H 25.7 


7-9 


031 


♦ Sec 









The effect of the error on X according to this table would therefore 
be in an extreme- case 

o 

['\)r i:ratin^ (ij , 0.022 A. U. 
I »2 , c .025 

This explains ihe excellence of my results on page 258 ff. 



CORRECTION' 

Dr. Olio Schonrock, in Berlin, has had the kindness to call my 
alicntion to an error in my compulation of the cun^ature of the 
.i^Tatin.i^ surface (Section llj. In Fii^. 1 I incorrectly gave for the 
numerical value for the lenj^nli A^ the largest possible departure 
from the plane, or X 4 and X 2. But the correct reasoning is as 
follows, accordiuL,^ lo Hrodluin and Schonrock.^ If in Fig. i we 
call XA^-^XA^ = K iIh- radius of curvature of the grating -4^-4,, 
assumed to ])e concave, and d tin- versed sine of the arc A^A^', then 






(I 



I Aujhilru d( r f'liysik, 22, 7<;S, k^o; 

- Zcitschri'jt ;iir I iistrumrutt ukuiuh\ 22, ^;;, n^c 
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or, since d/2 vanishes as compared with i?, 

A simple consideration of the figure shows that 

'^~R~b ' 

Mr. Schonrock also believes, on the basis of his experience, that 
it is safe to infer from my obsen'ations that for each of the two grat- 
ings d<\/2; but that it is not at all impossible that d may be nearly 
equal to X/2 for each grating. Hence, in the extreme case, d=\/2 
=0.000295 mm. It is further to be considered that the objective 
used in the experiment with Fizeau's fringes had an aperture of 
only 70 mm; hence the radius of curvature will be 

R = - — ^ -=2.08 km . 
8 '0.000295 

For 6 = 78 mm, 7 becomes 7*7, and is thus considerably larger than 
as computed by me as if". 

With the apparatus described by Brodhun and Schonrock it is 
furthermore possible, by varying the inclination of the plates pro- 
ducing the interference, to follow the wandering of the fringes so as 
to derive an idea ultimately as to the nature of the curv^ature. My 
improvised apparatus did not permit of any such manipulation. 

While I must admit from what precedes that the second section 
of my {)aper is defective, I should like to emphasize that this has 
slight bearing on the essential part of the research. For on the one 
hand, nothing was known by me as to the character of the quartz 
plate used. In ^Ir. Schonrock's opinion the plane surfaces by 
Brashear are quite as perfect as, if not more so than, the quartz 
surface by Zeiss. On the other hand, the calibration described in 
Section 111 ade(|uately cares for the errors of curvature in practice. 
They can indeed be only ver}' insignificant, inasmuch as the different 
high orders exhibited no focal errors. 



A PHOTOGRAPHIC METHOD FOR THE DETECTION OF 

VARIABILITY IN ASTEROIDS 

By JOEL H. METCALF 

By the method described in the AstrophysiccU Journal for May 
1906 (23, 306-311) for the discovery of asteroids, the photographic 
I)late is made to follow the mean motion of asteroids in opposition at 
that season of the year in which the plate is taken. As a result the 
stars are drawn out into trails, the length of which depends upon the 
exposure time. The asteroids, on the other hand, are points like 
the ordinary star images of chart-plates. 

In long exposures any departure of the actual asteroid from the 
mean motion will show itself in the elongation of the images. Prac- 
tically most asteroids can be followed for 35 or 40 minutes without 
this departure becoming apparent. 

As it would be easy to mistake an imperfection on a plate for an 
asteroid, two exposures are always taken, separated by a small arbi- 
trary amount in right ascension. Each asteroid is therefore repre- 
si'nled by two more or less circular images in close proximity. 

If the lime is ecjual in both exposures, the star-trails will be of the 
same length, and the two images of the asteroid ought to be of the 
same size, slKi])e, and density. 

Practically this is not always true, for two reasons: first, the motion 
of thr ])h()t()graj)hic ])late may not have been uniform during the 
(•x{K)surc'; second, there may have been a change in the transparency 
of the atmosj)here between the first and second exposures due to 
chanirin«^ altitude of the asteroids or to a gathering storm. 

Jn both cases^ however, the star trails would register this change. 
If the motion of the plate were not uniform, the star-trails would not 
be straJL^hi and of ^imilar leni^ah. li the transparency of the air 
t]ian_L,^'d, there would be dilTeren(\'> sjiowu in the density of the fainter 
star trails. 

Now, if on any ])late the >tar trails are of the same length and 
(kn^itv, sliowinL^^ that the motion of the plate has been uniform and 
that the atm(»phere has not chanL^ed, then, if the images of the asteroid 

if.; 
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are not of the same size and density, the presumption is that there has 
been a change in the luminosity of the asteroid. 

The only escape from this would be that the photographic plate 
contained a defect or was of unequal sensitiveness. Defects are pos- 
sible, but are usually apparent under a high magnifying power. 
I think the experience of the discoverers of variable stars is against 
a belief in any great differences of sensitiveness in such close proximity 
as the adjacent images of an asteroid (about 0.3 mm on my plates). 
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I therefore believe that any plate fulfilling the above conditions as to 
atmosphere and uniform motion, and yet showing the asteroid 
images to be greatly different in size and density, would establish a 
probable variability. 

By the usual method of picking up asteroids the star images are 
points and the asteroids trail. If a plate was found in which the trail 
showed greater density in one part than another, there would be no 
check by which it could be decided whether it was due to variability 
or the hazing of the atmosphere. Other asteroids even on the same 
plate would not be a test, for often local cloudiness is apparent even 
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on the best nights in our climate. If the stars trail, however, they 
become an infallible index of these changes. 

That these remarks are not entirely theoretical I would contend 
from the accompanying illustration. It is an enlargement of a photo- 
graph made on November 6, 1906, of igo6 WE, discovered at 
Taunton on October 26, 1906. I believe the star-trails show that 
the motion of the plate was practically uniform and that there was 
between the exposures no great change in the transparency of the 
atmosphere; and yet the two images of the asteroid show a surprising 
dilTference in size and density. Unfortunately, due to an accident, this 
asteroid was observed only four times — on October 26, November 6, 
December 7, and December 18, 1906. 

On ever}' plate there are two images of the asteroid, and yet on 
three of them — those of October 26, November 6, and December 18 — 
the com])ani()n imaijjes sliow dilTerences of size and density, although 
the differences on October 26 and December 18 are not so marked 
as on November 6. 

On the j)late of November 6 the exposure times were 35 minutes 
each, with i minute between exj)osures. If this change is real and 
not illusory, it sliows that igo6 IFE went through a noticeable change 
of briglitness in i hour and 11 minutes. 

I btlieve this method of photo.i^raj)hing asteroids, containing as it 
does su( h a i^ood check on atmosplieric changes, might be extended 
much farther. A lowj; series of images might be taken, not only on 
one night, but on several niglits, in a climate where good weather 
l)revails, and ilie corresjnmding star-trails would in every case be a 
cheek on tlie condition of the atmosphere. If there arose any difii- 
cuhy in gelling absolute magnitudes from the trouble of comparing 
imiges with trails, the motion of the plate might be made just half the 
real motion, and then the asteroid and stars would be of equal length, 
and there would only be the dilTicully of identifying the asteroid trail- 

l-'or variations taking ])lace, however, in the course of a few hours, 
as many circular images as possible should be taken, and the exposure 
time should be as short as is consistent with obtaining a good image 
of the })articular asteroid to be observed. 

Tauviov. M \Ss. 
\i -ril S. I'l ■>- 



ON THE STRUCTURE OF THE FINEST SPECTRAL LINES' 

By O. von BAEYER 

In a previous paper E. Gehrcke and O. von Baeyer communicated 
their observations on the resolution of different spectral lines by 
the method of interference points, giving at the same time quantita- 
tive measures of the distance of the satellites from the principal lines 
concerned.* Meantime the Reichsanstalt purchased from A. Hilger, 
of London, a plate surpassing in its excellence all of the plates hitherto 
acquired by the Physikalisch-Technische Reichsanstalt. Investiga- 
tions on the Zeeman effect in faint magnetic fields were promptly 
begun with this plate, and reference made to the excellent qualities 
of the plate in the publication.^ It therefore seemed desirable to 
repeat with this improved apparatus the measurements on the most 
important spectral lines which had thus far been proven to have 
sateUites. The results thus obtained are here communicated. 

I. ARRANGEMENT OF EXPERIMENT 

The arrangement is entirely similar to that described in the pre- 
vious paper. For producing the interference j)oints, the Hilger ])late 
was crossed with one of 3 mm thickness by Haecke of Berlin, which 
had been employed in our previous work. It is identical with the 
plate^ designated in the other paper as D, of 0.317 cm thickness, 15 
cm length, and of refractive index i . 53. The plate by Hilger is 0.971 
cm thick, 30 cm long, 4 cm high, and has a refractive index of i .58. 
It exhibits over its whole surface variations of thickness which may 
be estimated as only one-twentieth of the wave-length 436 /x/x. In 

'A (oinniunit atioii from tlu' I'hv->ik.ili^rh-T(.'( hni<( he Ki'ic h>anst;ilt. Trans- 
laltd from the Vrrhamlluni^rn dcr DrutsrJicn PhysikiiliscJicn UrsrHs'htijt, g, No. 4, 
i<)07. 

* AnH'iIrn dcr Phys'ik, 20, 2()(), kjoO. 

3 E. Gohri ke and (). v(»ti Hacvcr, Vcrhinidliiugcu drr Dctitschcn Physi'kalisclicfi 
(irsrllschiijt, 8, ,^()(), i(>of); and riiy^ikiilisclie Zn'tschrijt, 7, 905, 1906. 

4 This ])latc was kindly i)Ut at tlic dispos.il of the Rii( hsanstalt by the firm 
of Hac( kc, t>f Ik'fHn. It was meanwhile ])unhased by Professor M. Wien, of Dan- 
zii^. l)Ut was kindly left with u.^ until the completion of thesi* measurements. I would 
not fail to I'xpress to ProfcsMjr Wien mv Ix'st thanks for thi«% favor. 
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consequence of the great breadth and uniformity of the plate, a far 
greater brightness could be given to the phenomenon, and thus the 
exposure time of the photographs was considerably diminished. In 
general, about one-half of the previous exposure time was sufficient. 

The revolving power, i.e., the quantity ^r , where SX is the least 

difference of wave-length resolvable with the apparatus, is for this 
plate in round numbers 700,000 (for X =0. 5 /i). The plate formerly 
used, C, from Zeiss (5 mm), had a resolving power of about 400,000- 
The echelon which ]\Ir. Janicki' used had a resolving power of 

420,000 (for X=- 0.5 M). 

II. MEASUREMENTS 

a) SpiYlrum oj mercury. — For producing this light, the Arons mer- 
cury lamp of Lummcr type again serv-ed in part. For the yellow 
and green mercury lines the sharpness attained is entirely sufficient. 
A mercury vapor lamp by Boas, of Berlin, such as is used for technical 
purposes of illumination, did not give the same degree of brightness, 
and even the green line was not as sharp as could be desired. For 
the Ijlue and violet lines a (leissler tube with mercur)^ electrodes had 
to be used. Even in the Geissler tube the method of excitation had a 
great elTect on the sharpness of the lines. Thus, for instance, in 
using a mercury interrupter by Boas, the lines at 434.8 /x/x obtained 
on gentle warming of the Geissler tube were ver\' diffuse; while a 
platinum interrupter, also by Boas, which furnished a very bright 
mercury spectrum in the same Geissler tube without exterior heating 
and with the same induction coil, yielded sharp lines. It would 
therefore seem as if the increase of the pressure of the mercury vapor 
bv external heatinir ])roa(lene(l the lines more readilv than the increase 
in temjjerature produced by the greater density of current. 

The results of the measures agree in general with the previous 
values,^ as the following table shows. 

' A)ifi(il(}i drr J^hyslk, IQ. V'- i';o(). 

2 K, (iclmkc and ( ). \(in li.u-ycr. Auiuilvu drr Physik\ 20, 260, 1006; L. Janicki, 
i}>'ni., 19, _^6, i(jo(). ( )l)srr\atinns on the ))<»siti>in.s of the satfliiles of the mercury 
lines liavo also bcin made 1)\- Tertit and Fa!tr\-. I'rintc- (Jaiilzin. and F. Bates, which 
an- fi< t « itc«l furlliLT in tbi:- ( onmuinit alion. 
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Attention should be called in detail to the following points : 
Hg X 407.8. The satellite +0.37.10"* mm occurs, which was 
previously observed by Janicki. X 434.4 shows no satellite, in spite 
of long exposure (4 hours). 

X 435.9 shows, in comparison with the earlier results of Gehrcke 
and von Baeyer, two new satellites. One at —0.48 was also already 
observed by Janicki. The other arises from the splitting of the 
former satellite +0.27, which first became visible with the high 
resolving power. In accordance with the earlier measurements of 
Gehrcke and von Bacycr, the satellite at —1.75 appeared, which 
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Fig. I 

Janicki did not correctly assign, and therefore considered to be a line 
at +1.05. 

X 546 MM gave three new satellites. Fig. i shows an enlargement 
of this plate on which the satellites can be recognized, excepting the 
one faint one of intensity 6. In order to make the position of the 
satellites distinct, Fig. 2 gives a schematic representation of a principal 
line and its associated satellites. The numbers correspond to the 
intensities. See also the table. 

We see at first that the earlier satellite -0.55 is split into two: 
-o. 72 (intensity 3) and —0.51 (intensity 5). This also explains the 
uncertainty in the measurement which hitherto applied to this satel- 
ite. The principal maximum has in its immediate neighborhood a 
very strong satellite —0.25 (intensity i). +2.22, which is exceed- 
ingly faint, is also new. This was not included in the earlier work of 
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Gehrcke and von Baeyer, although it was noticed ; but, as it was then 
hardly visible, and moreover fell very close to a principal maximum, 
we regarded it as false. But the photographs with the Hilger plate 
show it very clearly. If Janicki did not observe it, this was due to 
the fact that on his photographs this satellite coincided with — 2 . 50. 
The distance of the two principal maxima at this point is 0.476 

o 

Angstrom units, so that —2.50 and +2.22 were only separated by 
0.004 A. U., which his echelon could no longer resolve. 

In this case the advantage is very clearly apparent which the 
method of interference points has over the method of interference 
bands; for with observations with the Hilger plate only, as may be 
seen from Fig. i, the strong satellites with 
intensities i, i, 2, 3, would have coalesced ▼ 

with the principal line to form a single, 
vertical, greatly broadened band. 

At X 576.9 and 579.0, the fainter satellites 
given by Janicki again failed to appear. 

As to X 579.0, it is to be remarked that 
satellite —2.02, which is only faintly indi- 
cated, could not be accurately measured. 
On this plate there also appears a pretty 
strong line which could not be a ghost. On 
the other hand, it could not be included 
among the satellites, as it did not lie in the direction of the remain- 
ing satellites. This is evidently a widely distant line. It can only 
be said, on the basis of the measures, that its distance is in any 
case more than 4-io~^/x/i. It therefore ought to be possible to 
observe it with a good grating. The possibility is moreover not 
excluded that it is the already known line X 580.4.' 

b) Bismuth. — ^The bismuth amalgam lamp of quartz, previously 
described, was used for the production of the spectrum of bismuth. 
The Une X 472 . 2 was investigated and yielded results in perfect 
accordance with the former measures. 

From the good agreement of the earlier measures and those com- 
municated here, it is again to be inferred that the method of inter- 

» K.iy>er and Ruiigc, Ahhtind/ungrn tier Berliner Akademie der \V isseuschajtcn, 
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ference points, even with the use of less perfect plates, such as Plate C, 
yields unambiguous results, and renders it possible to distinguish ghosts 
from the true satellites. Every step forward in the production of 
plane-parallel plates will also further diminish the only disadvantage 
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of the method, namely, the faintness of the phenomenon; and it is 
to be expected that in this point also the performance of the echelon 
will be at least reached. 

As to the splitting of the spectral Unes, the above investigation 
shows that the number of the certainly proven satellites has again 
increasef], and it seems probable that every increase in the resolving 
power will always bring further new satellites into visibility. 



ON THE BRIGHTNESS OF THE INNER EDGE OF THE 
PENUMBRA IN SUN-SPOTS (SECOND NOTE) 

By S. chevalier 

Some time ago I wrote a note to show that in photographs made 
at the Z6-sfe Observatory the inner edge of the penumbra of sun-spots 
was very generally brightened, just as it appears to be when looked 
at in a good telescope. Since this note was written, improvements 
have fortunately been made at this observatory in photographing 
the sun. I consequently feel obliged to return to the subject. 

The photographs of the sun, taken daily, as far as possible, at 
Z6-sfe, vary in diameter from 63 to 65 mm. When atmospheric 
circumstances are favorable, they show distinctly the small granules 
of the photosphere, but fail to represent all the details of sun-spots. 
Hundreds of features observed at the eyepiece and traced on drawings 
are wanting on the photographs. This is certainly due, in large part, 
to the smallness of the picture. The nucleus especially, unless 
crossed by some brilliant *' bridge" or filled with only half-obscure 
material, appears quite dark. All around the nucleus there is a 
very faint ring, visible only with the greatest difficulty. Outside of 
this ring begins the inner edge of the penumbra, which looks very 
generally brighter than the outer one. This is the fact which in my 
first note I tried to set forth as a common occurrence in sun-spots. 

But I have now strong evidence that this brighter ring which 
skirts the umbra in these photographs is not really the actual edge 
of the umbra. Within the brighter ring there is a fainter one, just 
mentioned, probably consisting of the sharp ends of the filaments 
which run still farther inside the nucleus and which must be con- 
sidered as belonging to the penumbra. So that what appears on our 
ordinary photographs, taken at Z6-sfe, as the edge of the penumbra, 
is as a matter of fact at some distance from the nucleus. On ordi- 
nary photographs the nucleus always comes out much larger than it 
ought to and obscures the very minute details along the brim. 

Before inquiring into the cause, the fact must be clearly demon- 
strated. For this purpose, among many instances, I will select tw'o. 
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In each case I will put before the reader two images of the same 
sun-spot. One, which for the sake of brevity I will hereafter call Ay 
is an enlargement to i6 diameters of a photograph made in the ordi- 
nary way, viz., on a plate at the focus of the telescope. The other, 
which I will call 5, is a photograph obtained by the direct enlarge- 
ment of the image formed at the focus of the telescope. The enlarge- 
ment being i6 diameters, the image of the sun on this scale would 
have a diameter of one meter. The plate taken at the focus of the 
telescope has been enlarged to just the same size in order to facilitate 
a comparison between the two pictures. 

The first set of photographs was made on July 17, 1906. A was made 
at 9^ 10™ and B with the enlarging camera half an hour later (Plate 
X\'). A came out remarkably fine and clear, as appears from the 
plate, which shows distinctly the granules of the photosphere and many 
features of the spot. B did not come out so well as far as photo- 
graphic art is concerned; but nevertheless it is far in advance of the 
other for rei)resenting the real features of the spot. There is no 
need of pointing out to the reader how much larger the nucleus is on 
A, As to the penumbra, the brightest part, which appears on i4 as 
forming the very brink of the inner edge, is clearly shown on B to 
sliine at some distance from the nucleus; in the intervening space 
between the bright ring and the nucleus the sharp ends of the 
slender filaments are seen progressively fading away into the dark 
center. 

The other set of photographs represents a sun-spot which was 
near the center of the sun on September 14, 1906. A was taken at 
8^ in the usual way and enlarged to the size of B, viz,, to 16 diameters. 
B was obtained as above, nearlv half an hour later. As it is the best 
photograph I ever made of a sun-spot, and contains many interesting 
particulars, I have printed it in three graduated tones. The reader 
will certainly notice at first sight how very much larger the nucleus 
is on A. No one can fail to notice that the brightest part of the 
pt-numbra, which on .4 is bordering thu umbra, is distinctly not so 
on B. 

It being now clear that tlic smaller photographs, whatever their 
clearness may be, fail to show the minute features of a sun-spot, what 
is the cause of this deficiency ? In my opinion it is to be found in the 



PLATE XV 




ii 



A, 



<• 



9 



m 



^ i^A 



i: 



17 th July 190r, 
.1 








• '>«» 



14 til S('])tL'nil)(M- llM)t'. 




N ill S.'pTrinlM r 1 '.jili'i 



i: 
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small size of the picture. The breadth of the filaments, especially 
at their sharper end, is, on the enlarged image, only two or three 
tenths of a millimeter. The same object on the image at the focus of 
the telescope must therefore have a size of only one or two hundredths 
of a millimeter. It does not seem that so narrow lines can be printed 
without confusion on a silver-bromide film. Consequently, where 
the filaments arc shining more brightly their confusion causes a large 
patch of sensitive film to be blackened. At points where the sharp- 
ening of the filaments renders their light both narrower and fainter, 
their confusion prevents any action of the light to be marked on the 
film. The granules of the photosphere are very small, their diameter 
varying from 3" to i" or a little under i", and yet they come out 
distinctly where the filaments of the penumbra appear only in patches. 
That is true; but the ch'ameter of these granules, even those of only i", 
is still on our original smaller photographs three hundredths of a 
millimeter; that is, is about three times greater than the breadth of 
the filaments. Now, it is not very often, but only in the case of an 
exceptionally clear and calm atmosphere, that the minutest granules 
are clearly printed on the film. It is therefore not surprising if the 
filaments, which are considerably thinner, have as yet never been 
distinctly seen even on our best plates, where they form confused 
masses, somewhat like skeins of threads placed too far for distinct 
vision, as shown in Fig. A. But they do come out separately in 
Fig. J5, since they are enlarged sixteen times bejorc being impressed 
on the film. 

On these photographs, series B, there are many particulars well 
worth being attentively considered. I have printed three copies on 
graduated tones, just to show as far as possible all the details visible 
on the plate itself. As it is much to be feared that a half-tone engrav- 
ing, even of the best quality, as those in the Astrophysical Journal, 
will not reproduce the minute details, I have still enlarged the original 
])late threefold. On that last figure (Plate XVI) one second of arc is 
equal to i .6 mm. 

In many places around the penumbra the granules of the photo- 
s])here are evidently stretched forth in the direction of the filaments, 
especially on the south, at the origin of the bright ** bridge" crossing 
the west part of the umbra. 
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At the outer edge of the penumbra there is a ring considerably 
darker than the middle or brighter ring, and even darker than the 
inner edge. But it is neither continuous nor identical all around. 
It is far more strongly marked in the north than in the south of the 
nucleus; and even in the north it is here and there cut with bright 
filaments. 

Inside this ring comes the brighter part of the penumbra, the 
breadth and form of which are fair from being uniform around the 
nucleus. Then comes the inner edge formed by the sharp ends of 
the filaments, which as they are narrowing begin at the same time to 
fade away from their previous brightness. 

Let us suppose streamers of luminous matter, flowing from the 
outside toward the center, which would first bend somew^hat down- 
ward as they cross the outer dark ring, then rise up again on the 
brighter ring, and lastly, on reaching the edge of the nucleus, begin 
to rush downward, apparently along a descending slope, and grow 
thinner and fainter as they gradually melt into it. As far as I can 
understand a drawing, these would show precisely the same form 
and bending which strike me when I consider the lines of the filaments. 

This therefore seems to give strong support to the opinion that the 
dark nucleus is a hole in the photosphere; not, of course, a vacuum, but 
a hole filled up with materials which must be at the same time of 
lighter density and less brilliancy. The lighter density is shown by 
the fact that the filaments bend down into it, while on a fluid of 
j^rcater density they would run upward. 

1 do not intend in any way to construct a theory of sun-spots, but 
only to point out what secnis to be represented in these interesting 
photographs. 

Z6-sl: C')nsrR\ mory, skxr Sranchai, 
Mar( h 22, itjoy 
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Minor Contributions and Notes 



ON THE VELOCITY OF METALLIC PARTICLES IN THE 

SPARK DISCHARGE 

The Astrophysical Journal for January 1907 contains a paper by 
Professor G. F. Hull in which certain experiments made by Mr. 
Hcmsalech and myself' are referred to, and their explanation as given 
by us is called in question. Professor Hull's results have already 
been quoted as invalidating our conclusions; it seems therefore worth 
while pointing out that there is no real connection between the two 
sets of experiments. Our work led to the measurement of the veloci- 
ties of metallic particles under certain conditions in a spark, and 
Professor Hull failed in his discharges to obtain a displacement of 
lines corresponding to these velocities; but our paper, as far as I 
know, contains no sentence which could have led anyone to expect a 
Doppler effect under the conditions under which Professor Hull experi- 
mented, and the fact that no disp)lacement of lines was obsen-ed by 
him cannot therefore be taken to alTect our results. If Professor 
Hull were right in his two contentions, (i) that metal particles of 
mercury and cadmium volatilized l)y the spark do not travel at a 
higher rate than 100 meters a second, and (2) that Mr. Hemsalech 
and I ol)served the propagation, not of matter, but only of a lumi- 
nosity, he ought to have driven the argument to its logical conclusion, 
which is that a "luminosity" may carry the spectrum of a metal with 
it, while the metal [)articles themselves are left behind, giving up their 
spectral ghost to a phantom which rushes ahead. That his reason- 
ing leads to this paradox I proceed to show. 

\o\\x readers may remember that Mr. Hemsalech and I worked 
with sparks sufficiently intense to produce singly a strong impression 
of the spectrum. Our method of o])eration indeed required this in 
order to secure the object of our research, which was indicated in 
the first two sentences of our paper in these words : *^ When an electric 
spark })asses between metal electrodes, the spectrum of the metal 

^ Phil. Trims. t 193, iS(;, iH()g. 

277 
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appears not only in immediate contact with the electrodes, but 
stretches often across from pole to pole. It foUow's that, during the 
short time of the duration of the spark, the metal vapors must be 
able to diffuse through measurable distances." 

The problem is thus clearly stated. There is e\idently no metal 
vaix)r in the spark-gap before the discharge has set in, and the first 
api)earance of a metal line proves without question the presence of 
the metal which might jx)ssibly have traveled more quickly than the 
exi)LTimcnt indicates, and be rendered luminous only at a later stage; 
if it traveled more slowly, the paradoxical result already mentioned 
would follow. Our measurements therefore give the lowest possible 
values of the velocities, and give them with a directness which cannot 
be invalidated by the absence of any Doppler effects. In the case 
of cadmium vapor, to which Professor Hull more especially refers, 
the metal lines appear at a distance of 2 mm from the electrode about 
the millionth part of a second after the discharge has set in. This 
is certain berau.-^e the ])()sition of the air hnes fixes accurately the 
timt' of Ix'L^inning of the s|)ark. The '^luminosity" has got to the 
center of the spark wiili an average velocity of about 500 meters per 
second, and it has found the metal there. The question therefore 
reduces itself lo this. Can the luminosity show the lines of cadmium 
before tlie ea(hnium has reached the spot ? 

In referrint^ to our own discussion of our results, it will be noted 
that we fa\()re(l the view that the motion of the metal particles from 
tlie ileelrode to the center of the spark was a process of diffusion 
which follows the explosive volatilization of the metal by the spark; 
we actually showed by calculation that the order of magnitude w^as 
the >ame as that of the vapor treated as if it were flowing from a 
place of compression into a vacuum. It is clear, therefore, that \vc 
did not intend to apply our results to the case of continuous successions 
of dis(haru;es where ultimately some eciuilibrium in the distribution 
of tlie den>ity of the metal va]>or must be reached. But if we turn 
to Professor HulTs experiments, we Iind that, instead of using, as 
we did, .single ^J Kirks taken from charged condensers, he worked 
with the (liMharire^ of the induction coil without capacity at all. 
Under these circ um>tances there was no reason to suppose that the 
effects noticed 1)\' us .should be observed. Professor Hull does not 
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give sufficient information on the nature of the discharge he employed, 
but from the data given it is probable that it resembled that commonly 
observed in a vacuum tube. At any rate, I have frequently observed, 
under conditions which were not dissimilar, the cathode glow giving 
its characteristic spectrum in a sharp fine layer on the cathode, and 
the positive part of the discharge showing the bands of nitrogen. 
The electrodes w^ould volatilize to some extent, but they would not 
be driven explosively into the center of the spark. The two sentences 
by which he attempts to bring his own experiments into connection 
with ours rest on an exceptionally bold piece of cxtraiX)lation for 
which there is no justification. 

There are no doubt difficulties connected with the interpretation 
of some of our experiments, notably the function played by the metal 
in the oscillations of the discharge. Attention was drawn to certain 
appearances pointing to the fact that the metal vapor acted as con- 
ductor in the discharge, and that the oscillation of the spark produced 
periodic changes in the velocities of the metal particles. Mr. Royds 
is at present repeating our experiments with improved apparatus, and 
the preliminar}^ results obtained show that his investigation will clear 
up some doubtful points. While I do not deny that when an electric 
discharge is established, the propagation of a "luminosity" may 
simulate to some extent the appearance of propagation of luminous 
matter, and that some observed effects may thus be accounted for, I 
think that a careful examination of the reproductions of photographs 
published in our paper might have convinced Professor Hull that 
such an explanation cannot be applied to our experiments. Is it 
Hkely, for instance, that a "luminosity" would set out from the pole 
with a large velocity which gradually diminishes and ultimately 
settles down to rest, unless it were connected with the transport of 

material particles ? 

Arthur Schuster 

Victoria Park, Manchester 
March 24, U)oy 

NOVA T CO RON A E OF 1866 

This object, which suddenly blazed up to the 2d magnitude on 
May 12, 1866, and then faded to the 9 J magnitude, proved to be a 
star which had been previously observed by Argelander, being B.D. 
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+ 27? 2765. After this extraordinary outburst, it apparently returned 
to its original condition, at which it has ever since remained. 

This is the first of the novae to be examined with the spectroscope. 
Observations were obtained of its spectrum when bright in 1866 by 
Huggins, who was just introducing the spectroscopic study of the 
stars. 

As this is the only example of the novae which was known pre- 
vious to its outburst — with the probable exception of Nova Persei 
of 1 901 (Sec H.C.O. Circular No. 66), and as it is the brightest of 
these bodies at present visible, it is important that we should study it 
carefully, in the hope that some information as to the cause of these 
outbursts may be gained. The present obser\^ations are therefore 
intended to be a small contribution to the history of the star at the 
present time. 

Some of the other novae which are still visible present a hazy or 
out-of-focus image in a large telescope, viz., Nova Cygni of 1876, 
N'ova Aiirigaeof 1892, N'ova Sagillariiof 1898, etc. 

To see if anything peculiar existed in the telescopic image of T 
Coronac^ I have examined it several times of late years with the 40- 
inch telescope. Its focus was measured with respect to that of the 
9'"i star ^./). -f 26?276i, which jmcedes it i minute of time, and is 
iV north. The star wns also examined inside and outside the focus. 
There was nothing in these observations in any way to suggest a differ- 
ence from the ordinary star. We must, however, remember that, so 
far as the extra focal images of the novae are concerned, the pecuUarity 
has not usually made its a})pearance until the star has become much 
fainter than the j)resent l)righlness of Xova Coronae. The strong 
visual light may therefore mask this peculiarity in the case of this star. 

The followini^ focal measures were carefuUv made: 

Inches 

J903 May 4. Focus on A''rrz'(/. Scale =2.22 (3) 

on /!/>. + 26.2761 2.21 (3) 



T)ilT. ^o.oi inch 

Of course, this cjuanlily is too small to l)e a real difference in a 
focal determination with the 40-inrh telesro])e, though it is in the 
right direction -being a little farther from the object-glass — for a 
nova. 
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The image was also tested on several other dates, though no 
measures were made. The star was also observed for color : 

1904 May 4. "There is no color to the star." 

1906 Aug. 28. *'It is almost colorless, but the seeing is too bad to be 
certain." Later: "So far as I can judge, the star is white." 

1906 Sept. II. "It may be tinged with yellow, but not certain. It is 
not white" 

For the brightness of the Nova the following observations were 

made: 

1906 Aug. 28. Independent estimate =9'?3. 

Aug. 28. ro™ less than + 26?276i 

Sept. 1 1 . A ^ less than + 26 . 2 76 1 

In the B.D. these two stars are: 

+ 26?276i 9'?i 
+ 26.2765 9.5 (r) 

It would seem, therefore, that the Nova is now essentially of the 
same brightness it was before the outburst in 1866. 

These two stars are Cambridge A.G.C., 7412 and 7433, and their 
places, brought up to 1906.0, arc: 

15^ 54"" 32?30 +26° 12' 38:8 
T 15 55 3432 +26 II 10.2 

Aa+ini i*g^ A5- 1^28:6 

On 1906 August 28, I compared these two stars for position of the 

Nova : 

Aa = + i"^ i?85 (8 transits) 

A5= — i' 27^1 (2 measures) 

It will l)c seen that my measures make the A8 if'j smaller than 
the value given by the Cambridge observations. If, however, this 
error is divided between the two stars in the Cambridge observ^a- 
tions, the discordance would not be greater than would be exi)ected 
from good meridian positions. So there seems to be no indication of 
motion in the Nova, 

A NEBULA NEAR THEA'OIM 

While examining the star, I found a faint nebula in the field with 
it, following. The nebula is of the 14th or isth magnitude, and 
is from 5" to 10" in diameter, without any nucleus. 
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The following measures of this nebula and the Nova were made : 

Aa A< 

1903 April 27 -f 4'5or9 (i) = +o™2i?62 +1' 13^1 (i) 

April 28 +4 5o.5(i) = +o 21.60 +1 13.4(1) 

1906 Sept. II +4 49.i(2) = +o 21.48 -hi 11.1(2) 

The discordances in these results are purely accidental, from the 
faintness and indcfiniteness of the nebula. 

From these observations, and the Cambridge position of the 
Nova, the place of the nebula is: 

1906.0 a = i5^ SS^'ss^Ss ; 5 = 4-26° 12 '21^9. 

E. E. Barnard 

Vkkkf.s ( )bSKK\AT()KY 
April, igo; 



REGULAR AND DIFFUSE REFLECTION 

In the Astrophysical Journal^ 24, 351, 1906, the writer is quoted 
as having found that ''various common minerals w^hich reflect only 
dijjusively in the region of the spectrum of shorter wave-lengths than 
8 ^l have bands of metaljic rellection from 8.5 to 10 /x." Since then 
the original paper is lacing inlcrjjretcd from the standpoint of "dif- 
fuse" and "metallic'' retlcclion. The whole is based upon a mis- 
conception and mis(jUotation of the original statement,' viz.: "The 
writer found the reflecting power [of various silicates] to be practi- 
cally zero for the region of the spectrum up to 8 /x, followed by bands 
of metallic rellection from 8.5 to 10 /x." 

Since the surfaces examined were in nearly all cases plane and 
highlv ])olish('(l, there was no "diffuse'' reflection, which is an 
entirely different (jueslion from low, " ])ractically zero," reflection; 
and it would indeed be very unfortunate to have such an idea (that 
diffuse and low reileclion are synonymous) gain foothold. It is with 
the hope that such ha/y notions may be cleared up that the present 
comments are written. 

When energv is rellet ted from a ])lane surface, it is commonly 
called "regular" (or, less accurately, ''specular") reflection. On the 
other hand, energy rellected from a rough surface suffers "diffuse" 
rellection. In "diffuse relletlion" for each inllnitesimal surface the 

I I'hvs, Rrv., 2^ 247, \()0(). 
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ordinary laws of reflection are obeyed in full, unless the linear dimen- 
sions of the reflecting surface, or of the rugosities or inequalities on 
it, are small compared with the wave-length. However, the impol- 
ished surface as a whole destroys all phase-relation between the 
particles in the reflected wave-front, which is no longer plane, but 
irregular.' This irregularity decreases as the angle of incidence 
increases, so that for a given roughness we get regular reflection. 
The long waves will be reflected first, then the shorter. ''Smoked 
glass, which at perpendicular incidence will show no image of a 
lamp at all, will at nearly grazing incidence give an image of sur- 
prising distinctness, which is at first reddish, becoming white as the 
angle increases."^ 

The amount of energy reflected ''regularly" from a plane sur- 
face will depend upon the reflecting power of the substance. Now, 
the reflecting power, R, of any substance is related to its index of 
refraction, w, and its absorption coefficient, ^, by the equation 

For "transparent media," i.e., "electrical non-conductors, "^ the 
absorption coefficient is so low that it is negligible, and the reflecting 
jx)wer is a function of only the refractive index. Here the reflecting 
j)ower is low, only 4 to 6 per cent., and decreases with increase in 
wave-length. All transfxirent media thus far examined (except sil- 
ver-chloridej show bands of selective reflection. In these bands the 
absorption coefficient, k, attains high values. 

If k becomes sufficiently large/ of the order unity, the absorption 
affects the reflecting power, and the heat- and light-waves no longer 
enter the sul)stance, but are almost totally reffected, as in metals; 
whence the name "bands of metallic reflection." For metals, "elec- 
trical conductors," he absorption coefficient is so large that nearly 
all the eniTgy, for nearly all wave-lengths, is reflected. 

if, then, the eve were sensitive to heat-waves, manv substances 
would have a "surface color" similar to that of gold and fuchsine 

' Sec Wood's {Optics, )». ^^it. 

-' Ibid., }.. ;,7. 

' Sff Drufk-, i)ptics; al.M» Sthuslcr, ( optics; Pockt'ls, Lehrbuch dcr Crystallo^raphie. 

4 Sec Si liuslcr, (Optics, }>. 2^ii\ To* kils, Crystallof^rdphie, igo^. 
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in the visible spectrum. In other words, the reflecting power of 
plane surfaces ('' regular reflection") of "transparent media" will 
be low for all regions except where there are bands of "metallic 
reflection." It is evident that the diffuse reflection from rough sur- 
faces of transparent media will also be selectively reflecting. Hence 
in the stream of energy reflected in any direction the density will be 
greatest for wave-lengths 8.5 to 10 ft, for silicates. In this case, 
however, the term "metallic reflection" is not to be used synony- 
mously with the expression "specularly reflected," as it appears to 
be in this Journal (loc. ciL, pp. 351 and 353); for the latter refers 
to "regular reflection." Since the energy-density in every direction 
must be greatest for wave-lengths 8.5 to 10 A^, one would expect to 
detect this difference in any direction, and not simply at the angle 
of regular reflection. 

As a whole, then, what the writer found is that the silicates reflect 
like transparent media for wave-lengths up to 8 M, and like metals 
from 8.5 to 10 M. In other words, it may be said that in quartz, 
SiOjj the silicon ions retain the proper ])eriod of undamped electrical 
vibration which they would have in the element silicon (which has 
metallic as well as non-metalHc properties), for wave-lengths 8.5 and 
9.o3At,while for all other wave-lengths the vibration periods are 
more clamped and the rellecting power is decreased. 

W. W. COBLENTZ 

HrKi:A\' OF Stanhakds, Washington' 
Marrli 2h, k^o;. 



VARIABLE RADIAL VELOCITY OF U CEPHEI 

Measures of plates of tliis star, made with the single-prism spec- 

tr()L^raj)b, show a variation of ()5 kilometers in the radial velocity. 

This star is classed with Algol variables, and its light- variation is 

recot^nized as soniewliat })eculiar. Jt has a period of 2.5 days and 

a variation from tlie 7.1 to llie ().2 magnitude. The spectrum is of 

tlie early hvdroi^cn ty])e. There is indication of complexity in the 

lines, sii.i^gcslinL^ that bolli comjionents of the system may be bright. 

More plates will he needed lo give this interesting question a definite 

answer. 

V. M. Slipher 
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THE SPECTRUM OF e CAPRICORNI 

Spectrograms of this star made last autumn, with the single-prism 
spectrograph, show its spectrum to contain bright lines. At Harvard 
the star was found to have a peculiar spectrum, but the bright lines 
were not recorded. My previous plates of the star, from which its 
variable velocity was discovered, were made with high dispersion 
and were, owing to this and their narrowness, unsuited to reveal 
the bright lines. On the late plates the hydrogen lines are paired — 
the sharp, dense dark line with a weak bright line above it. As is 
usual with this type of peculiar spectrum, the emission line is more 
intense in the lower members of the hydrogen series. On the recent 
plates, which unfortunately extend over only a short period of time, 
the dark hydrogen and metallic lines were displaced toward the red 
by an amount corresponding to a velocity of 45 kilometers on Octo- 
ber 8, which had decreased to 35 kilometers by October 27. In 
addition to these dark lines the spectrum contains also helium absorp- 
tion lines, which are, however, very broad and indefinite, and do not 
share with the other dark lines the shift toward the red. Measures 
on some of the less diffuse ones indicate, on the other hand, a small 
displacement toward the violet. It seems probable, therefore, that 
the dark hydrogen and metallic lines belong to one component, and 
the diffuse helium and bright hydrogen lines are due to the other 
component, and that the weak bright lines are blotted out by the 
intense dark ones, except when the relative velocity of the two stars 
is sufficient to separate well the two lines. 

V. M. Slipher 

r.()\Vt:LL ()BSER\'AT()RY, PY.V'.S T AlF, ArIZ. 

February, 1(^07. 
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Generalkatalog der Potsdamer photometrischen Durchmusterung des 
nordlkhen HimmelSy Enthaltend die Groszen und Farben aller 
Sterne der B. D. bis zur Grosze 7. 5. Von G. Muller und 
P. Kempf. Puhlkationen des Astro physikalisc hen Obserua- 
toriums zu Potsdam^ Nr. 52, Siebzehnter Band, 1907. 

Following closely Part IV", containing the final zone measures, comes 
the general catalogue giving the revised magnitude and color results for the 
northern heavens, with the stars arranged in order of right ascension. 
This noble volume contains 14,199 stars, the various colunms giving data 
as follows: 

1. Current number. 

2. B. D. number. 

3. R. A. for 1900 to seconds of time. 

4. Dcclinaii.>n for 1900 to tenths of a minute of arc. 

5. B. 1). miVfinhuilv . 

6. Measured niagnitudes, usually two, one each by Muller and Kempf. 

7. Photometer used. 

8. Mean estimated color. 

9. Mean magnitude. 

10. Remarks, pving Jiayer's letter or Flamstced^s number; Struve's or J. 
Hersehel's number for doul)les. 

The c.\( ceding usefulness of this general catalogue puts the astronomical 
world under great obligations to its authors; but the valuable introduction 
is e(|ually noteworthy a!i<l deserves a more extended notice than can be 
given here. Hie catalogue i> not a mere rearrangement of the results of 
the (lifTerent zone catalogue.-; but these have been discussed, their mutual 
relation^ investigated, and sy>tematic corrections apphed so as to make 
from tlie four ))arts one homogeneous whole. All this has been carried out 
with the >( ientihc thorouglmcs^ and critical al)ility which are characteristic 
of the staff of the i^^tsdam ( )bservatory. The c()m])lcted work therefore 
stands al(tne in the litemture of -tellar photometry, and does much toward 
putting lliat branch of the s( ience on a level with the astronomy of position. 

The discussion in the iiUroduction falls under two heads: first, the 
( t)rrection.s to 1)e a])plied t(» the measures ])y the two observers and with 
the four different arrangements of the photometers, with respect to 
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magnitude and color; second, a comparison of the magnitudes, thus 
corrected, with the various Harvard catalogues. The original observa- 
tions were planned to furnish the data required for the comparisons first 
mentioned. An equal number of observations were made on each star 
by each observer, and the mean used, so that only the difference in instru- 
ments needed consideration. Two photometers were used: the smaller, 
D, with an objective of 135 mm aperture; the larger, C, with objectives of 
(I) 67, (II) 36.5, and (III) 21.5 mm. Since the magnitudes of the 144 
fundamental stars had been determined with D, the results obtained with 
C were reduced to that standard. The systematic differences of magnitude 
between the two photometers, due to star colors, were so small, o.oi and 
0.02, as to be negligible. On the contrary, the progression due to magni- 
tude was pronounced; the corrections to Q ranging from — 0.09 at magni- 
tude 3.5 to -fo.09 at magnitude 7.4, and the corrections to D ranging 
from — o . 1 1 at 4 . 8 to +0. 1 1 at 9 .0. These differences seemed due to the 
relative brightness of the standard and measured stars in each instrument; 
the standards used with C averaging 5.4, those used with D6.8. The 
corrections applied to Cn and Cm showed no progression, and were o 
and —0.03 respectively. 

The color estimates were also reduced to the system of photometer D, 
the corrections applied to Ci and Cu, in terms of the small Potsdam steps 
(18 between white and red), increasing from o for white stars to 2 for the 
more intensely colored ones. A comparison with Osthoff's color-scale 
(799 stars in common) showed the Potsdam slc]) equivalent on the average 
to 0.4 of Osthoff's unit, but this quantity varied from 0.1 to i .1 in the 
means for the different grou|)s. 

Before comparing with Pickering's results, it was necessary tirst to 
in\'e>tis^atc the relations between the various Harvard cataloirues. Although 
Vol. 45, like the Potsdam Dure hmusterung, contains all the stars to magni- 
tude 7 .5, it was found imj)ossil)le to com[)are with it directly, as the magni- 
tudes of 521 7 of its stars were taken from older catalogues, and consideral)le 
systematic differences were found between the various volumes, thus 
depriving \'ol. 45 of the character of a homogeneous Diinhwiistcrun^. 
After deducing these systematic differences, ranging from o to 0.2 or 0.3, 
the brighter Potsdam stars, measured with Ci and C'n, were compared 
with Harvard 44, and the fainter stars measured with D. with Harvard 45. 
The following formula e\i)resse> the ditTerence between the two systems: 

P()l>(jam-Pickcring= r on-2 2(j -f o'!'024 m— 2^125 — o"'o2 7(' — O' ooS m~2^'25 C , 

in which m indicates magnitude and C color (white, o; yellowish white, i ; 
whitish yellow, 4; and yellow, 6;. The residuals left after aj)|)lying this 
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formula are tabulated on page xxxii. They range from o to 0.09 magni- 
tude, the mean value, without regard to sign, being 0.02 for groups con- 
taining on the average 113 stars. 

The general conclusions may be condensed as follows: 

1. Accidental errors in measures with the Zollner photometer can be 
confined to a few hundredths of a magnitude. 

2. Systematic errors, in spite of the utmost precautions, may amount to 
0^1 per magnitude. 

J. Each series of j)hotometric measures should be corrected for syste- 
matic (litTerences before being combined with another series. 

4. Star colors have a greater effect on magnitude measures than haci 
been suj)j)()sed. 

5. Visual estimates of star colors apply only to the particular eye and 
instrument used. 

Though not mentioned by the authors, it occurs to the reviewer that 

the above conclusions suggest that further advances in stellar photometry, 

e'>i)ecially in the allowance which must be made for color, can best be made 

by ])hotogra])hic methods. 

J. A. Parkhurst 

Coiirs dWstronomic, Premihrc pariie: Asfronomie thiorique. Par 
H. Andovkr. Paris: A. Hermann, 1906. Pp. 221, wath numer- 
ous diagrams. Fr. g. 

This hfvt part of Professor Andoyer's work is divided into fifteen chap- 
tors. It is not ])rintcd from type, but reproduces a very distinctly hand- 
j)rinlc(l manu>eri))t. Tlie ])niuipal object of the book is stated by the 
autht)r to be the study of the apparent motions of the celestial bodies. 
After an introdui tory ( hapter on spherical trigonometry, the author con- 
siders the various systems of co-ordinates used in astronomy (chapters 
2 5). To refrai tion, parallax, and aberration the succeeding three chap- 
ters are devoted. (Chapter gives a short initiation into the principles of 
celestial mechanics, upon whii h lie draws not inconsiderably in chapters 
10-12, whii h treat respcc ti\ el\ of the theory of y)recession and nutation, 
and the apparent motion of the >>un, with special reference to the notion 
of tinu\ The la-t three chapters (i :;-i5), to which group in a fashion 
j)arts of (hsipier u likewise belonl^^ deal with the motion of the movable 
celestial bodies, sun, nioon, ]>lanets, and satellites, and the last chapter in 
particular uith the ei lipses of these bodies. 

A book whi( h comes from the ]>en of so eminent a scholar as Professor 
AnddMT ha^ of (<)ur>e in a hi^h dei^ree those remarkable qualities for 
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which the French textbooks have become the exponents par excellence: 
clearness and elegance. If in what follows attention is called to some minor 
shortcomings, they are offered with proper appreciation of those excellent 
qualities. The book is evidently intended for beginners; otherwise one 
could not understand the entire absence of references from cover to cover. 
The knowledge of calculus seems to be all that the author presupposes in 
the way of prerequisites. There is but one paragraph where higher attain- 
ments on the part of the reader are called into service — in the ninth chap- 
ter, where the author speaks of the convergence of the Fourier series and 
arrives at Laplace's and Rouch^'s result. This might well have been left 
out, since it is decidedly beyond the understanding of the average reader. 
Instead, a more detailed use of the fundamental principles of analytical 
mechanics might have added much to the understanding of this chapter. 
The author probably deliberated a good deal where to place the contents 
of this chapter to best advantage. Briinnow succeeded well in giving the 
matter a place in the early part of his book. The present arrangement 
likewise has advantages, and, after all, such matters depend a good deal 
u|jon the personal predilections of the author. 

The very complete introduction to spherical trigonometry, which com- 
prises many details for purely geodetic students, creates the impression 
in the reader that this hne of investigation will be taken up in the further 
issues of Andoyer's work. But the next following chapter somewhat dis- 
illusions him, when the short paragraph given to the ellipsoidal figure 
of the earth is considered. The custom which prevails in some text- 
books, of considering ^* reduced" latitude and ''geocentric" latitude as 
synonymous terms, is adopted in this treatise too. This is unfortunate, 
especially since Helmert's fundamental treatise distinctly defines reduced 
latitude in precisely the manner in which the eccentric anomaly is defined 
in the elliptic motion. Andoyer's "auxiliary" angle is Helmert's reduced 
latitude. A figure which shows distinctly the three different kinds of 
latitude would be quite in jjlace. The figure given in the text does not 
convey clear conceptions, since a point M at an elevation MM^ is made 
the starting-i)oint for the discussion. It is the surface point to which the 
future should refer. 

In conclujiion, attention is called to the contents of the last three chap- 
ters, which in previous textbooks on the same subject have received but 
scant recognition, and which open the way to a more vivid conception of 
the subject-matter that evidently will follow this very excellent fir^t part 

of Professor Andover's book. 

Kurt Laves 

March k;, h)oj 
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Physical Optics, By Robert W. Wood. New York: The Macmil- 
lan Company, 1905. Pp. xiii-f 546; figs. 325 and four plates. 

$3.50. 

Every reader of Professor W'ood^s Physical Optics must be impressed 
with the value of the book as a compendium of the best modem views on 
optical phenomena. And it is a great satisfaction to find a book so full of 
the most valuable theoretical and experimental data which is written in a 
clear, forceful, and original style, always from the standpoint of the 
physicist rather than from that of the mathematician or the mere statistician. 

Although the author makes no claim to originality in the mathematical 
treatment, he is to be congratulated on his excellent choice and arrange- 
ment of the mathematical material, and on the clear, concise, and illuminat- 
ing discussion with which he has amplified it. The general methods of 
V'erdet are followed in the earlier chapters, while specific paragraphs are 
credited to their various originators: e.g., Airy's treatment of diffraction 
by a circular a|)erture, Runge's theory of the concave grating, and Michel- 
son's theory of the echelon. Dnide's unsurpassed treatment, based on the 
electro-magnetic theory, has been closely followed in some of the later 
cha])ters. 

(3nc of the most interesting chapters in the book is that on '^Tlie 
Theory of Dis[)ersion." The Cauchy, Sellmeier, Helmholtz, and Ketteler- 
Helmhoh/. formulae are discussed in order, and follow^ed bv Drude's 
treatment from the electro-magnetic standpoint. The fascinating experi- 
mental results of Rubens, Xichols, Aschkinass, Pfluger, and of Professor 
Wood himself, are given in illustration and verification of the formulae. 

The chai)ters on "()[)lical Properties of Metals," ''Rotatory Polariza- 
tion," and ''Magneto-Optics'' are ricli in valuable theoretical and 
experimental material, and the chapter on "Transformation of Absorbed 
Radiation'' includo the remarkable results recently obtained by Professor 
Wood with Nodium vapor. The chapter on "The Laws of Radiation" is 
also one of great iniere>t, including a brief statement of the theoretical 
re>>ult^ of Larmor. Stefan, Jioltzinann, Wien, and Planck, and the experi- 
mental results of Xichols and Hull, Lummer, Pringsheim, Rubens, 
Kurlhaum. PlU'iger, and others. 

( )jie cainiot read the l)ot)k without being impressed anew with the large 
amount oi woiitlertull\- ingenious (jualitative work which Professor Wood 
ha> done, esj)ccial]y in the domain of anomalous dispersion and the optical 
properties of metallic \aj)ors. 

The author a[)ologi/.es in hi^ preface for the large number of references 
to hi> own work, but one i^ glad that modesty did not prevent him from 
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including them, as the collecting in this way of so much of his work is one of 
the valuable features of the book. The several references to the " Schlieren- 
Methode" of Topler, and the author's photographs of sound-waves by 
this method, although illustrating the points in question very well, would, 
however, perhaps be more in place in a general textbook than in a work on 
physical optics. The description of a lecture-table experiment for illus- 
trating the phenomena of mirage and a two-page account of a mica 
echelon which, as he says, is '^of no use as a piece of optical apparatus "and 
*' useless as a tool for research," seem to be somewhat below the high 
scientific plane of the book as a whole. There are the usual number of 
typographical errors which creep into a first edition. They are especially 
conspicuous in the formulae of the chapter on '*The Theory of Dispersion." 

The thoroughly up-to-date character of the book is evidenced by the 
chapters on *^The Laws of Radiation," '* Transformation of Absorbed 
Radiation," "The Nature of White Light," and "The Relative Motion of 
Ether and Matter." Numerous references are found throughout the book 
to articles which appeared as late as 1905. 

The book should be read to be properly appreciated, and it should be 

read by every student who wishes to be thoroughly informed on what is 

best and latest in physical optics. It will perhaps prove to be one of the 

most valuable of the many contributions for which the science of physics is 

already indebted to Professor Wood. 

H. G. G. 
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THE HELIOMICROMETER' 

By GEORGE E. HALE 

The measurement and discussion of photographs of the sun made 
with the spcctroheliograph involve a large number of processes, 
some of which have been satisfactorily worked out, W'hile others are 
still under consideration. Up to the present time special attention 
has been devoted to the following points: 

1. The measurement of the heliographic positions of flocculi, 
with reference to the determination of the solar rotation. 

2. The measurement (with the monocular micrometer of the Zeiss 
stereocomparator) of the relative distances from the center of the sun 
of corresponding points in the calcium (H,) and hydrogen (HB) 
flocculi, with reference to the relative level of these objects. 

3. Comparative studies, with the same instrument, of the forms 
of flocculi, as photographed with various lines. 

4. Photometric determinations of the relative brightness, at various 
distances from the sun's center, of the floccuH and the adjoining 
[photosphere, as bearing on the level of the flocculi and the absorption 
of the solar atmosphere. 

5. Photometric measurements similar to (3), but especially adapted 
for the determination of the level of sun-spots. 

6. Stereoscopic studies of the flocculi. 

7. Studies of the flocculi with a kinetoscope, with reference to 
their changes in form. 

I Contributions jrom the Sohir Observatory, No. i6. 
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8. The measurement, by a photometric method, of the areas of 
flocculi in regions ten degrees square, for the study of variations in 
the solar activity. 

Spectrographic studies have also been made, particularly of the 
hydrogen and calcium lines, for the purpose of interpreting the spec- 
troheliographic results. 

The present paper deals with the measurement of heliographic 
positions; the other methods of measurement and reduction will 
be described later. 

THE HELIOMICROMETER 

The determination of the heliographic positions of sun-spots, 
as carried on at Greenwich, involves the measurement of their polar 
co-ordinates, and a simple calculation, facilitated by the use of tables. 
As the average number of spots on each photograph is small, only a 
moderate amount of computing is required, and the method has 
apparently proved satisfactory after many years of sen-ice. For 
the flocculi the case is different. The average number of flocculi 
suitable for measurement on a single plate may reach forty or fifty, 
thus involving a large amount of computing in the aggregate. Further- 
more, the lack of sharpness of the flocculi (as compared with spots), 
and their rapid changes of form, rarely permit of the precision of 
setting attainable in the case of spots, and render a different mode 
of measurement feasible. It will appear, however, that in its per- 
fected form the instrument described in this paper is capable of 
giving results no less precise than the ordinar}' measuring machine. 

The first and simplest form of the instrument, which I devised 
for the measurement of the Kenwood spectroheliograph plates by 
Mr. Fox at the Yerkes Observatory, consists of a metallic globe, 
with smooth white surface, upon which the solar image is optically 
projected. The axis of the globe being set at the inclination required 
by the date of the photograph, and the plate properly oriented, it 
is only necessary to read off the heliographic latitudes of the flocculi 
and their differences in longitude from the sun's center, by the aid of 
parallels and meridians ruled, one degree apart, on the surface of 
the globe. The results obtained with this simple device were so 
satisfactor}' that it is still regularly em[)loyed in the measurement 
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of the Rumford spectroheliograph plates. The essential condition 
to be met is that the angular diameter of the globe, as seen from the 
projecting lens, shall equal the angular diameter of the sun, as seen 
from the earth. ^ 

In the second form of the instrument, as constructed in the shops 
of the Solar Observatory, two 4-inch (10 cm) telescopes were mounted 
parallel to one another. One of these pointed at a globe, 60 feet 
(18.29m) distant, beside which stood the solar photograph to be 
measured, with its center in the optical axis of the other telescope. 
The images of .globe and plate, as formed by the two telescopes, 
were brought together in a single eyepiece, by means of a half- 
silvered prism. After the photograph had been oriented and centered 
on the globe, by adjustments controlled from the obser\'er's seat, 
the latitudes and longitudes of the flocculi were read off with respect 
to parallels and meridians, ruled one degree apart, on the surface 
of the globe. This instrument gave good results, but the illuminated 
surface of the globe (black lines on a matt silvered surface) inter- 
fered with the visibility of the minute flocculi. Experiments with 
cross-hairs for setting purposes, and the desire to secure a higher 
degree of precision than estimates to a tenth of a degree could afford, 
soon led me, by successive steps, to the design embodied in the ** helio- 
micrometer," which is illustrated in Plate XVII. 

The two 4-inch telescopes, of 60 inches focal length, which were 
used in the second form of the instrument described above, are retained 
and mounted immediately above the globe and the plate-carrier. 
These telescopes point to the centers of two optically plane mirrors, 
mounted on a concrete pier at a distance of about 30 feet (9.14 m) 
In the telescope on the right, the solar image, brilliantly illuminated 
by transmitted light, is seen after reflection from one of the plane 
mirrors. In the same way the globe, illuminated by reflected light, 
may be seen in the telescope on the left. The images are brought 
together in a single eyepiece, with the aid of a right-angle prism at 
the end of each telescope and a half-silvered prism, similar to that 
used in the monocular eyepiece of Zeiss's stereocomparator, mounted 
a short distance in front of the eyepiece. 

» A full description of this instrument will soon appear in a paj)er by Mr. Fox 
and mvself on the solar rotation. 
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As a complete description of the apparatus will be published later, 
only its general features are described in the present paper. The 
adjustments of the plate-carrier permit the photograph to be raised 
or lowered, moved right or left, rotated for orientation, and moved 
toward or from the mirror. Cross-hairs, mounted immediately in 
front of the plate/ are controlled from the eyepiece, and their inter- 
section can be made to coincide with the flocculus to be measured. 
While settings are thus being made, the object-glass of the telescope 
which points to the globe is covered by a swinging shutter, controlled 
by the observer. Under these conditions the details of the solar 
photograph are seen with great clearness, and settings are made as 
easily and rapidly as in any form of measuring machine. 

The entire globe has a matt silvered surface, and one hemisphere 
shows no lines except the equator and central meridian. These 
lines do not quite reach the center of the globe. At the point where 
they would intersect, a small circular black dot is engraved. This 
is brought into coincidence with the intersection of the cross-hairs, 
by rotating the globe in longitude and latitude. In longitude the 
globe has both quick and slow motions, permitting a rapid and accu- 
rate setting to be made. In latitude a single motion, consisting of 
a worm-f^car operated by an arm with double Hooke's joint, gives 
sufficiently rapid motion, combined with perfect control. The 
longitude circle, provided with a vernier reading to tenths of a degree, 
or, if desired, to 2', is read with a telescope from the eye-end. The 
globe is then turned back to zero longitude, and at this point the 
latitude circle, al^^o reading to tenths of a degree or to 2', is read with 
a second telescope. 

The vertical axis that carries the fork in the opposite bearings of 
which the horizontal axis of the globe rests, can be set at any desired 
angle, read by means of a vernier and divided circle. The inclination 
of tliis axis corres])oncls to the tabulated latitude of the center of the 
sun for the date of the photograph. 

It is unnecessary to give here the details of the adjustments of the 
apparatus. It may be added, however, that the photographs made 
with the Snow telescoi)e and 5-foot si)ectrohehograph are oriented 
by the* aid of control plates, on which the solar image is allowed to 

' Tht' >ame suj'fxjrt carries ihe eU-elrir ]»fn, referred to below. 
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drift between two exposures. A line joining two images of the same 
flocculus gives the east and west direction. The angle between this 
line and a line drawn on the plate by the image of a needle-point 
mounted in contact with the collimator slit provides the means of 
orientation. The centering of the solar image on the globe is easily 
effected, \Aith the aid of a metallic screen mounted in front of the 
globe and bearing a black circle, adjusted so as to be exactly con- 
centric with the globe. This circle should coincide, w^hen the instru- 
ment is in adjustment, with a black circle etched in a glass plate 
permanently fixed in the adjustable plate-carrier. This circle is 
slightly larger in diameter than the solar photograph which can thus 
be centered with great precision. In order to provide for the var}ing 
size of the image, due to the var}ung distance of the sun from the 
earth, the plate-carrier can be moved along rails, so as to change 
its distance from the telescope with which it is obser\'ed. The neces- 
sary adjustment of focus is made by moving the object-glass of the 
corresponding telescope. 

Measurements are confined to objects within fifty degrees of the 
sun's center. This is for the purpose of avoiding errors inevitable 
when spots or flocculi are measured in the near neighborhood of 
the sun's hmb. Furthermore, it is not ncccssar\', within this limited 
region, to change the focus of the telescope used to obscr\'e the globe. 

In testing the hcliomicrometer, a photograph of the sun was 
measured with this instrument and with an ordinary measuring 
machine giving polar co-ordinates. After the reductions had been 
completed, it was found that the latitudes and longitudes of the 
flocculi, measured in the two ways, agreed within the limits of error 
of settings (one or two tenths of a degree). The operations of measure- 
ment proved as rapid with the hcliomicrometer as with the other 
measuring machine, and all the time required for calculations was 
saved, k further test was made by measuring the positions of 
certain sun-spots, which also appear on the Greenwich photographs. 
Mr. Maunder was kind enough to give me the positions of these 
spots as determined at Greenwich. The results correspond within 
a few tenths of a degree, or as closely as could be expected under 
the circumstances.' 

^ The renters of spots on spcctrohcliograph plates are often slightly disf)la(ed 
by overhanging flccculi. 
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It should be stated here that Dr. Frank Schlesinger, with whom 
I had the benefit of discussing the first globe measuring instrument 
used at the Yerkes Observatory', suggested, in 1902, that an ordinary 
theodolite, provided with a small pointer in place of the telescope, 
might give good results in this work. The details of the apparatus 
were not worked out, and I had forgotten the suggestion, when I 
was led by the above described steps to the adoption of the same 
principle, namely, the use of divided circles in place of meridians and 
parallels ruled on a globe. This important element in the design 
is therefore due to Dr. Schlesinger. It is evident that a globe is not 
really required (as a pointer might suffice), but it has the advantage 
of permitting one surface to be divided into ten-degree squares, used 
as described below. 

My attention has been called, by Professor A. E. Douglass, to 
his paper published in Popular Astronomy (5, 57, 1897), entitled 
"The Astronomer's Globe." This globe was used for the solution 
of spherical triangles. The positions of markings on Mars were 
also plotted on the surface of the globe, and their latitudes and 
loni^iiudcs read off with the aid of two divided semi-circles, which 
could be moved over the surface. The same, of course, could be 
done with sun-s})ots. I do not understand that any system of optical 
projection was used with this globe. 

It will l)c readilv seen that the hehomicrometer can be used as 
a stL'reocomj)arator (with monocular or binocular vision). For this 
purj)0>e it is only necessary to mount in front of the globe a second 
IjhotoL^Taph, illuminatfd l^y transmitted light. Miss Ware, who is 
in charL^e of the hiliomicromuier, usrs this arrangement for comparing 
the forms of the llocculi photo^i^Taplu-d on successive days, in order 
to sckct points suitable for measurement. By means of an electric 
pen, controlled from tlie eyepiece, a small dot is made on the glass 
side of the ])late, for ])urpo>es of identitkation, near each point selected. 

( )ne hemisphere of tlie _i,dol)e is ruled with meridians and parallels 
ten decrees apart. Wlun >een in projection on the globe (the axis 
of wliich is i^i\'en the proper inclination for the date in question)^ 
tile intersections of the scjuares c;in be marked on the glass side of 
the plate by means of the electric pen. Plates marked in this way 
are u-ed by Mi-> Smith in her photometric measures of the areas of 
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the calcium flocculi within ten-degree regions. The data thus secured 
are employed in our studies on the variation of the solar acti\aty, with 
reference to the condition of the sun as a w^hole, and its activity in 
different zones of latitude and longitude. 

The heliomicrometer could be improved by supporting all parts 
of the apparatus shown in Plate XVII on a stone or concrete pier. 
The present instrument, which is fastened to a concrete floor and 
braced to an adjoining brick w^all, gives very satisfactory results, 
but is less stable than if it had been designed anew, instead of being 
modified from the second form of the instrument, described above. 
I am indebted to Mr. Pease for working out the detailed drawings. 

In view of the rapidity of measurement, and the accuracy of the 
results obtained with this instrument, I can recommend it for the 
determination of the heliographic positions of spots and flocculi 
shown on direct photographs or on spectroheliograph plates. 

April, 1907 



A PHOTOGRAPHIC COMPARISON OF THE SPECTRA OF 
THE LIMB AND THE CENTER OF THE SUN' 

By GEORGE E. HALE and WALTER S. ADAMS 

Prior to 1873, although the spectra of the limb and the center of 
the sun were compared by several observers, no differences in the 
relative intensities of the Fraunhofer lines were detected. In that 
year Hastings^ noticed that some of the lines changed their appear- 
ance at the Hmb. In 1879 and 1880 he continued the investigation 
with improved apparatus. The results of the later observations, 
which were made visually with a Rutherfurd grating spectroscope, 
are given by Hastings as follows : 

I. The most important fact of all is that the difTerences in the two spectra 
of center and limb are extremely minute, escaping all but the most perfect 
instruments, and all methods which do not place them in close juxtaposition. 

IL Certain lines, the thickest and darkest in the spectrum, notably those of 
hydrogen, magnesium, and sodium, which appear with haze on either side, in the 
spectrum of the center of the solar disk, are deprived of this accompaniment in 
that of the limb. 

III. Certain very fine lines (four observed) are stronger at limb. 

IV. Other very fine lines (two or three observed) are stronger at center.^ 

Hastings, referring to the spectrum of sun-spots, remarks: 

As is well known, such a spectrum exhibits a very strong general absorption, 
with a very slightly modified selective absorption. A few faint lines appear in 
the s\Mn spectrum which are not otherwise seen; and a few faint lines of the 
ordinary spectrum are strengthened. A careful examination has persuaded me 
that the spectrum of a spot differs from that of the unbroken photosphere, just 
as the spectrum of the limb dilTers from that of the center of the disk, save that 
the variations are more pronounced. 

In spite of the great interest and importance of these observations, 
they do not appear to have been repeated in the long interval which 
has elapsed since Hastings made them. A photograph by Jewell, 
reproduced in Young's Manual oj Astronomy, page 221, shows that 
the Hi and K, bands are greatly weakened at the limb, and this 

I Contrihutions jrom the Sohir Observatory oj the Carnegie histituiiou oj Wash- 
i}i[;tou, Xo. 17. 

^ American Journal oj Science, 5, 3*^0-371; 1S73. 
3 Ibid., Third Scries, 2i, p. 35, iSSi. 
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effect seems to have been recognized by Deslandres in some of his 
papers, but we have seen no discussion of any other important changes 
from center to limb. In her Problems in Astrophysics (p. 42), the 
late Miss Gierke, after discussing various details of the Fraun- 
hofer lines, writes as follows: "An embarrassing peculiarity of the 
Fraunhofer lines is their virtually uniform existence all over the sun's 
disk." 

Our first photographic comparisons of the spectra of the limb and 
the center of the sun were made in the red region of the spectrum, 
mainly for the purpose of testing Halm's recent results regarding 
line displacements.* It was noticed at once that many of the lines on 
the plates showed slight changes of relative intensity, which promised 
to be of interest in connection with our sun-spot investigations. 
As the discussion in our last paper^ indicates, we have been occupied 
with the problem of distinguishing between the changes in the appear- 
ance of lines produced by differences in temperature and by differences 
in the density of the vapors. In this connection, we had long since 
planned to take up an investigation of the spectrum of the limb as 
compared with the center of the sun. It was supposed, however, 
that the differences would be so slight that they could be detected only 
with difficulty, and a si:>ecial means of testing suspected cases, by a 
photometric study of spcctroheliograph plates made for this particular 
purpose, was devised. It will be seen from the results contained in 
the present paper that the differences, particularly in the more refran- 
gible part of the spectrum, are so striking that no such device is 
required. 

The photographs hitherto taken cover almost the entire length 
of the spectrum from X 3600 to X 7000. They were made with the 
Snow telescope and the Littrow spectrograph described in our previous 
papers on sun-spot spectra. The image of the sun on the sUt has a 
diameter of about 6.7 inches (17.02 cm). The spectrograph is of 
18 feet focal length and contains a 4-inch Rowland grating, having 
14,438 lines to the inch (5700 lines to the cm). Most of the spectra 
were photographed in the third order, but some were taken in the 

I Astronomische Nachrichten, No. 4146-47, 173, 273, 1907. 

^Contributions from the Solar Observatory, No. 15; Astrophysical Journalj 25 
75, 1907. 



302 GEORGE E. HALE AND WALTER S. ADAMS 

second, and a few in the fourth, the last for the study of line displace- 
ments. In making the exposures the image of the sun was adjusted 
so that the slit was parallel to a tangent at the limb, and usually about 
one millimeter within it. Precautions were always taken to prevent 
any light from the chromosphere from entering the slit. Hence, in 
all cases, the photographs of the spectrum of the limb represent the 
sun^s disk, and not the region lying outside of it. After the exposure 
for the limb had been completed, a small sliding bar was moved over 
the slit, so as to cover the portion previously exposed, and light from 
the center of the sun was admitted on each side of the bar. Thus 
each photograph of the spectrum of the limb lies between two strips 
of spectrum representing the center of the sun. In the violet it is 
neccssar)' to give from eight to ten times as much exposure at the 
limb as at the center. This ratio is reduced to four or five at the 
red end of the spectrum. 

As an examination of Plates X\TII, XIX, and XX will indicate 
the differences in the relative intensities of the lines are not very 
marked in the less refrangible region, except in the case of such winged 
h'ncs as D, and D^, b,, b^, and b^. In these cases the wings are 
greatly reduced in intensity, and the central portions of the lines are 
strengthened in the spectrum of the limb — a result which is in com- 
plete agreement with the observations of Hastings. There are some 
very distinct dilTerences of line intensity to be noticed in this region, 
but such effects become far more marked in the blue and violet, and 
very conspicuous in the ultra-violet. In the region X3815-X3840 
the a})pearaiice of the spectrum is greatly changed, through the almost 
com])lele disappearance of the wings which characterize the stronger 
lines corresponding to tlie center of the disk. So far as we have yet 
observed, in our preliminary examination of the plates, this practical 
elimination of the wini^s applies to all lines of this character. It is 
tlierefore to be rei^arded as the most striking feaiure. of the spectrum 
of the >un's disk near the limb. In spots, on the other hand, a marked 
>tren,L^thenin,L( of the wini^s is a well-known characteristic in the 
le>s refrani,ql)le re.L^n'on of the s})ectrum. If this appHes in the same 
de.LTee to tile much more closely crowded hues of the ultra-violet, 
it may l)e one of tlie causes contributing to the extreme weakness 
of the spot >])eetrum in tliis region. 
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A second important distinction between the spectrum of the 
limb and the center lies in the changes in the relative intensities of 
the lines. In general, as the brief tables based upon a preliminary 
examination of several regions indicate, these changes of line intensity 
correspond closely with those observed in the case of sun-spots. 
In other words, lines that are strengthened in sun-spots are usually 
strengthened, in much smaller degree, near the sun's limb. Further- 
more, lines which are weakened in sun-spots are usually weakened 
at the limb. Indeed, this latter effect seems to be relatively more 
marked than the effect of strengthening throughout the whole range 
of the spectrum. Some important exceptions have been noted, and 
others will no doubt appear in a more complete examination of the 
photographs. Nevertheless, the resemblance in this particular of 
the spectrum of the limb to that of sun-spots is very marked, especially 
in the less refrangible region. In the violet and ultra-violet the resem- 
blance is partially concealed by the presence, in the case of spots, of 
an overlying solar spectrum. It is, however, clearly indicated. In 
our last paper we discussed the two principal sources to which this 
solar spectrum could be ascribed, namely, photospheric light and 
general sky illumination. Our present results on the spectrum of 
the center and the limb indicate that the photospheric light must prob- 
ably be much the more important — a conclusion which agrees with 
that of Newall.' 

In the tables which follow we give the results of our comparison 
of the spectrum of the center with that of the limb for three regions 
in different parts of the spectrum. The first of these includes a part 
of the G group and Hy; the second, the b lines and a portion of the 
green; and the third, a region in the yellow which is of considerable 
interest in sun-spot spectra. These results are merely preliminary 
and arc i^ivcn mainly to indicate the character of the evidence con- 
nccting cliangcs in hne intensities at the limb with those in spot spectra. 
In the abbreviations ''Str." indicates that the hne is strenc^thened, 
and '^Str.-f " that the effect is marked. Similarly ^'Wk." indicates 
that the line is weakened, and " Wk. -f " that the amount of weakening 
is considerable. Lines in which the wings are reduced are indicated 
by "Sharp.," an abbreviation for sharpened. 

I Monthly X at ires, 67, 15S, January 1907. 
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TABLE I 



A 


Element 


Intensity 
Rowland 


Spot 


Limb 


4299.15 


Ca 


3 


Str. 


Str.+ 


99.41 


Ti, Fe 


4 




Sharp. 


99 . So 


Ti 


2 


Str. 


Wk. ? 


4300 . 2 I 


Ti 


3 


\Vk. ? 


N. C. 


00. 48 




I N 




Wk.+ 


00.73 


Ti 


2 


Str. 


Wk. ? 


00 . 99 




I 


\Vk. ? 


WIl. 


01 .16 


Ti 


^ ) 






01 .26 




-» 


N. C. 


Wk.-h 


01.33 




I ) 






02.35 


Fe 


2 




\\Ti.4- 


02 . 46 




2 




Wk.4- 


02 .69 


Ca 


4 


Str.+ 


Str.4- 


03-54 


Fe 


2 


\Vk. 


Wk.4- 


03-75 




I 


N. C. 


Wk. ? 


03. g() 




' \ 


Wk. 


Wk.+ 


04. 10 




4 S 






04 • 73 




2 


Wis:. 


Wk.+ 


05.27 




I 


Wk. ? 


Wk. 4- 


05. 4S 
OS .01 


Fe, Sr 
Ti, Cr 


,; 1 


Wk. 


Wk. ? 


05.87 




^ 

^ 




N. C. 


cO.08 


Ti 


4 


Str. 


Wk. ? 


06.30 







N. C. 


\\Tv.4- 


06 . 86 
07.02 




2 5 


Wk. 


Wk. -h 


07.46 




2 X 




Wk.4- 


07.72 




2 X(l ? 




Wk,4- 


07.01 
c8 . oS 


Ca 
Ft', Ti 


3 ( 


Str. 


J Str.+ 
\ Str. ? 


08. 76 




2 Xd ? 




Wk.-h + 


oc^ .06 
og .20 


Fc 


1 ( 

2 ^ 


Wk. 


Wk.-h 


OU.54 


Ff 




Str.? 


N. C. 


O(}.70 
00 -.S8 




; \ 


Wk. 


Wk.4- 


10.27 




1 


Wk. 


Wk.4- 


10,51 
io.f'3 




2 .*! 


Wk. 


Wk.+ 


1 . NO 




2 


X. c. 


Wk.4- 


1 1 . 06 




1 


Wk. 


Wk. + 


11.15 




I s 






11 .32 






X. c. 


Wk.-h 


1 1 .61 
1 1 .67 




:; i 


Wk.+ 


Wk.-h 


12.25 




2 




Wk.4- 


12 .46 




1 




Wk. 


12.72 


Mn 


I X 




Wk. ? 


1 3 • 03 


Ti 


3 


Wk. ? 


Wk. 


13-19 




I X 




Wk. 


11.25 


Sc 


1 


Str. 


Str.-h 


15.14 
15.2 () 


Ti 
Fc 


3 ( 

4 ^ 


Str. 


JN. C 

J Str. 


i() .()0 


Ti^ 


I 


Wk. ? 


N. C. 
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TABLE l—Continued 



k 


Element 


\ Inteasity 

' Rowland 

1 


Spot 


Limb 




4318-82 


Co, Mn ? 


4 


Str.+ 


Str.+ 




20.91 


Sc 


3 


Str.? 


Str.? 




21 .12 


Ti? 


2 


Wk. ? 


Str.? 




21 .96 


Fe 


2 


Str.? 


Wk. ? 




23 -39 




2 


Wk. 


Wk.+ 




23-67 




I 




Wk.-f 




23-77 


— 







Wk.+ 




24.01 




3 


Wk. 


Wk.+ 




2457 




2 


\Yk.? 


Wk. 




25-15 
25-31 


Sc 
Tu Cr 


\ \ 


Str. 


N. C. 




25-52 


Ni, Zr 


I 




Wk.+ 




25 -94 


Fe 


8 




Sharp. 4- 




26.52 


Ti 





Str.+ 


Str. 




26.92 


Fe 


2 


Str.? 


Str.? 




28.08 


Fe 


2 


Str.? 


Wk. 




30.19 


V 





Str.-h 


N. C. 




30.40 




I 


Wk. 


Wk. 




30.87 


Ti, Ni 


2 


^^^c. 


Wk.+ 




31-81 


Ni 


2 


Str. 


Str.-f- 




32 -99 


V 





Str.+ 


Str.? 




33-92 


La 


I 




Wk.+ 




35- 10 


La 





Str. 


N. C. 


% 


37-22 


Fe 


5 


Str. 


X. C. 




37-72 


Cr 


3 


Str. 


Str. 




38.08 


Ti 


4 


Wk. 


X. c. 




38 -43 


Fe 


I 


Str.+ 


Str. 




39.62 


Cr 


4 


Str.-h 


Str. 




3Q-88 


Cr 


3 


Str. 


Sir.4- 




40 . 63 


H 


20 


Wk.-f 


Wk. + Sharp.! 




41.17 


V 





Str.+ 


Str. 




41-53 


Ti? 


2 


Wk. 


X. C. 




43-37 


Cr 

■f - 


' i 


X. C. 


X. c. 




43 43 


I'e 








44.67 


Cr 


4 


Str.-4- 


Str.-f 




46.99 


Cr 


I 


Str.? 


Wk. ? 




47-40 


Fe 


I 


Slr.4- 


Str.-h 




51.00 


Ti 


I 


Wk. ? 


Wk. 




51.22 


Cr 


3 


Str.-f 


Str.+ 




51-03 

52.08 


Cr, Fe 


1 \ 


Str.? 


( Wk. 

i X. c. 




52. QI 


re 

T r 


i I 


Str.+ 


Str.+ 




53-04 


V 








55-26 


Ca? 


2 


Str. 


Wk.H- 




* * 3^ i( 


* * ♦ * 


* * * 


* * * * 


* * * * 




5137-25 


Xi 


3 


Str.-f 


Str. + * 




30-43 


Fe 


4 


Str.+ 


Str. 




30 • 64 


Fe 


4 


Str.? 


Sir.? 




40 . g(j 




00 


Wk. 


Wk. 




41.92 


Fe 


3 


Str.+ 


Str.+ 




42. q6 


Xi 


2 


Wk. ? 


Wk. ? 




43 - 1 T 


Fe 


3 ^ 


Str. 


Str. 




43 76 




000 J 


Str.-f 


Str.+ 




43-90 




00 ) 







3o6 
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TABLE l^Continued 



X 


Element 


Intensity 
Rowland 


Spot 


Limb 


5144-85 


Cr, C 


GO 


Str.+ 


Str. 


45.27 


Fe 


I 


Str.-h 


Str.+ 


45-64 


Ti 





Str. 


Str. 


46.66 


Ni 


3 


N. C. 


Str, ? Wid. 


47 65 


Ti 





Str.+ 


Str.4- 


48.22 


Fe 


2 


\Vk. 


N. C. 


48.41 


Fe 


3 


Str.? 


Wk.-f- 


51.02 


Fe 


4 


Str.+ 


Str.+ 


52.09 


Fe 


3 


Str.+ 


Str.+ 


52-36 


Ti 





Str.+ 


Str.+ 


53-41 


Fe 


I V 




Wk.-f 


53-58 




00 > 


Str. 




53-69 




00 ) 






54-24 


Co 


2 


Wk. 


N. C. 


55-94 


Xi 


2 


Str. 


Wk. 


^6.78 
56.82 


C 
C 


000 / 
00 ) 


Str. 


Str.? 


59-23 


Fe 


2 


Wk. 


N. C. 


62.45 


Fe, C 


5 


Wk. ? 


Wk.-f Sharp. 


64.72 


Fe? 


I 


Wk. 


W'k. 


65-59 


Fe 


2 


N. C. 


Str? 


66.45 


Cr, Fe 




Str. 


Str.+ 


67. >o 

67.08 


Fe 


;m 


Str.+ 


Str. + Sharp.!! 


6().o7 


Fe 


3 


Str. 


Str.+ 


6g . 2 2 


Fe 


4 


Wk.+ 


Wk. 


70. U4 


Fe 





Wk.+ 


W^k.+ 


71.78 


Fe 


6 


Str. 


Str.? 


72 .S6 


^I^ 


20 


Str.+ 


Str. 4- Sharp.!! 


73 -'J-^ 


Ti 


2 


Str. 


Str.+ 


76.30 




000 


Str. 


Str. 


7^^-73 


Xi 


I 


Wk. 


Wk. 


77-41 


Fe 
Co 


00 > 


Str.? 


J Str. ? 
( Str. ? 


80.23 


Fe 


1 


Str. ? 


Str.? 


.S3 . -q 


^r? 


30 


Str.? 


Str. + Sharp.!! 


84 -44 


Fe 


2 


Wk. ? 


Wk.-f 


84 • 74 


Fe. Xi, Cr 


I 


Wk. 


Wk.+ 


SO. 07 


Ti 


-> 


Wk.-h 


Wk. ? 


SS . oS 


Fe 


I 


Wk. 


N. C. Wid. 


SS . So 


Ti 


2 


Wk. 


Wk. 


Su .02 


Ci 




Str.^ 


N. C. 


1 03 


Fe 


4 


Str.? 


Str. Sharp. 


2 .^2 


Fr 


5 


Str. 


Str. Sharp. 


03 14 


Ti 


-1 


Sir.-r 


Str.4- 


(;5 . 1 1 


Fr 


4 


StT-.-r 


Str.+ 


05 •'''5 


Fe 


t 


X. c. 


Str.? 


00.23 


Fr 


I 


Sir. 


Str. 


06.61 
06.74 


Cr 

Mn, Xi 


I 

CO S 


Str. 


\ Str. 
jStr. 


07 .r^ 


Mu 


CO 


Wk. 


N. C. 


07 -7^ 




-, 


Wk.^ 


Wk. + 


tjS . S(^ 


Fr 


} 


Str.^ 


Str.4- 


;jCO. ^() 


V 





Str. ? 


Str. 
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TABLE I— Continued 



A 


Element 


Intensity 
Rowland 


Spot 


Limb 


5202.44 


Fe? 


: s 


N. C. 


N. C. 


02.52 


Fe 






04.68 
04.76 


Cr 
Fe 


5 t 
3 ) 


Str.-H 


Str. 


05.90 


y 





Wk. ? 


Wk. ? 


06.22 


Cr-Ti 


5 


Str.+ 


Str.+ 


08.11 


Ti 


00 


Str.? 


X. c. 


08.60 
08.78 


Cr 

Fe 


5 I 
2 ) 


Str.-H 


5 Sir. + 
I Wk. ? 


10.56 


Ti 


3 


Str.-I- 


Str.-h 


II .70 


Fe 


00 


\Vk. 


X. c. 


16.44 


Fe 


3 


Str.+ 


Str.+ 


17-55 


Fe 


3 


Str. ? 


Str. 


18.37 


Fe 


I 


Wk. 


Wk. 


19.88 


Ti 





Str.+ 


.Str.+ 


20.36 


Ni 





\Vk. 


X. c. 


22.56 


Cr 


00 


Str. 


Str. 


23-35 


Fe 





N. C. 


Sir.? 


24-47 


Ti 





Sir. 


X. c. 


25.10 
25.20 


Cr 

Cr, Ti, Fe 


) 
00 ) 


Sir. 


( Wk. 

I X. c. 


25.70 


Fe 


2 


Str.+ 


Str.+ 


26.71 


Ti 


2 


Wk. Wid. 


X. C. Wid. 


27.04 


Fe-Cr 


3 


Str. 


Sir. 


27-36 


Fe 


5d? 


Str.+ 


Str. Sharp. 


30-03 


Fe 


4 


Wk. ? 


X. C. 


30 -3« 


Co, Cr 


00 


Sir. 


Sir.? 


33-^2 


Fe 


7 


Str.+ 


Str. Sharp.! 


34-79 




2 


Wk.-h 


Wk.- 


35-56 
35 ■ 67 


Fe 
Xi 


00 ) 


Wk. 


Wk. 


36.37 


— 





Wk. 


Wk. 


37-40 


Cr? 


I 


Wk. 


Wk. 


38 . 74 


Ti 


000 


Sir.- 


Slr.4- 


3<M4 


Cr 


00 


Sir. 


Str. 


30. go 




I 


Wk. ? 


X. c. 


42.66 


Fe 


2 


Sir. ? 


X. c. 


43 05 


Fe 


I 


X. c. 


X. c. 


47 •-\? 


Fe 


I 


Sir. 4- 


Sir.^ 


47-74 


Cr 


2 


Sir.- 


Sir.-^ 


* * * * 


J^ 3*C ^ ^ 


*!* "P ^r 


* * * * 


* * * * 


5307-34 


Fe 


7(1? 


Slr.- 


Sir. Sharp. 


(;S.4() 


Fe 


3 


Wk. ? 


X. C. 


(;() . ()S 


Mn 


1 Xd ? 


Sir. ? 


X. c. 


5400.71 


Fe 


00 ) 


Wk. ? 


Wk.-f 


00.83 


Lr 






04 • 03 


Fe 


2 


Wk. ? 


X. c. 


04.36 


Fe 


5 


X. C. 


Wk. ? Sharp. 


05. 99 


Fe 


6 


Sir.- 


Str. Sharp. 


07-50 I 
07. (X) ) 


Mn 


oi 


Str. 


Str. 




) 






07.82 


— 


00 


Wk.4- 


Wk. 


09 -34 


Fe 


2 


Wk. + 


Wk. 


10.00 


Cr 


4 


Str.-h 


Sir. 4- 
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TABLE I— Continued . 



A 


Element 


Intensity 
Rowland 


Spot 


Limb 


54II.I2 


Fe 


4 


Wk, ? 


Wk. 


11-43 


Ni 


I 


\\Tc.+ 


Wk. 


14-28 




00 


Wk, 


\Vk. * 


15-42 


Fe-V 


5 


N. C. 


N. C. Sharp. 


18.98 


Ti? 


I 


Wk.? 


N. C. Wid. 


20-55 i 

20.61 5 


Mn 


I 




Str.4- 


Str.4- 


24.29 


Fe 


6 


N. C. 


N. C. Sharp. 


24.86 


Ni 


I 


Sir.? 


Str. 


25.46 




I 


Wk. 


Wk, 


26.47 




00 


Str.4- 


Str. 


29.72 




I 


Wk. ? 


\\Tc.4- 


29-91 


Fe 


6d? 


Str.+ 


Str. + Sharp. 


?>2 ' 75 


Mn 


I Nd? 


Str.+ 


Str.4- 


34 ■ 74 


Fe 


5 


Str.+ 


Str.+ Sharp. 


3607 


Xi 


2 


Str.? 


Str. 


3^J-5i 


Fe 


I 


Wk. ? 


N. C. 


36.80 


Fe 


I 


Str.+ 


Str. 


41 -55 


Fe? 


I 


Wk. ? 


N. C. 


45.26 


Fe 


4 


Wk. ? 


N. C. 


46 . So 


Ti 


2 


Str.4- 


Wk.? 


47-13 


Fe 


6d? 


Str.-f 


Str. Sharp. 


55-67 

55 -S3 


Fe? 
Fe 


4 ) 


Str. 


{ Wk. 

{Str. 


60. 72 


— 


00 


.Str.+ 


Str. 


61.76 







Str. 


N. C. 


(\^ ■ 1 7 


Fe 


3 


Wk. ? 


WTt.? 


66.61 


Fe 


3 


Str. 


Str.? 


67 . 20 


Fe 


I 


Str.? 


Str.? 


70 So ) 
70. SS S 


Mn 


: ! 


Str.+ 


Str. 


72. ()2 


Fe 


I 


Str. 


Str. 


74.11 


Fe 


3 


Wk, 


Wk. 


76.50 


Fe 


I 


Wk. ? 


\\Tc.4- 


77-^2 


Xi 


5 


Str.-f 


Str. ? Wid. 


77. (JO 


Ti 


00 


Str.+ 


N. C. 


7S.67 


Fe 





Wk. 


Wk. 


''^I-45 


Fe 


I 


N. C. 


Wk. 


Si .6:; 


Fr, Ti 


I 


Str. 


Wk. ? 


S2.0S 




00 


Slr.+ 


Str. 




Fe 


T 


Wk. 


Wk. 




Co 


I d? 


Str.4- 


Str.+ 


wo. 37 


TI 





Str.-h 


Str.+ 


03-71 


I'e 


I 


Str. 


Str.? 


07-74 


Fe 


5 


Str.+ 


Str. Sharp. 



The tendency toward a weakening of the spark lines, which is 
unmistakable though not very marked in the less refrangible region 
of the spectrum, becomes conspicuous in the violet and ultra-violet. 
The following list, taken from Lockyer's " Tables of the Wave-Length 
of Enhanced Lines," indicates the behavior in this respect of the more 
prominent spark lines of Fe, Ti, and V in the ultra-violet region. 
Identifications not made by Rowland are entered in brackets. 
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TABLE II 



A 


Element 


Intensity 
Rowland 


Spot 


Limb 


3685 . 34 


Ti 


lOd? 


^vk. 


Wk.+ + 


3706.36 


Ti 


3 




Wk.+ 


3721.78 


Ti 


4(1? 


Wk. 


Wk.-h4- 


3741-79 


Ti 


4 


\Vk. 


Wk.-h-h 


3748.14 


Ti 


I 




Wk.4- + 


3757-82 


Cr-Ti 


4 


Wk. ? 


Wk.4- + 


3759-45 


Ti 


12 d? 


Wk.4- 


Wk.+ + Sharp.! 


3761.46 


Ti 


7 


\Vk.4- 


Wk. 4- + 


3762.01 


Ti 


3 




Wk.-h 


3776.20 


Ti 


2 




Wk.+ 


3813-54 


C{Ti) 


2 




Wk.+ 


3814-74 


-C {Ti) 


3 




Wk.+ 


3>^3,^^2^ 


(Ti) 


2 




Wk. 


3S30 . 76 


Fe 


2 


Wk. 


Wk.4- + 


3846.55 


Fe 


2 




Wk.+ + 


3S63.S0 


Fe 


3 


Wk. 


Wk.+ + Sharp. 


vS66.g6 


C-{V) 


2 


Wk. ? 


Wk.+ 


3S78.S8 


C-Fc{V) 


2 


Wk. ? 


Wk.+ + 


3(;oo . 68 


Ti-Fc-Cr 


5 




Wk.+ -4- 


3';o3- 40 


iV) 


2 


Wk. 


Wk.-f + 


3013.61 


Ti-Fe 


5d? 


Wk. 


Wk. 


3*M4-43 


Fe? {V) 


3 




Wk.4- + 


3916.54 


{V) 


3 


Wk. ? 


Wk.+ 


3935 96 


Fe 


2 




Wk. 


3939. 2Q 


(Fe) 







Wk.+ 


3087.76 


Ti? 


2 


Wk. ? 


N. C 


4005 .86 


(n 


3 




Wk.-^ 


4012.54 


Ti 


4 




Wk. 



In considering the behavior of the lines of different elements, 
we encounter at once an interesting peculiarity, which may prove 
significant. In the spot spectrum the lines of titanium and vanadium 
are well known to be very conspicuous, because, in most cases, they are 
strengthened more than the lines of other substances. In the spectrum 
of the limb, however, while these lines seem to be affected in the same 
direction as in spots, the magnitude of the effect is decidedly less than 
in the case of manganese, iron, calcium, and other substances, which 
appear to behave more nearly as they do in spots. 

Hydrogen offers another case of great interest, with one apparent 
anomaly. TI? is not satisfactorily shown on the photographs at 
present available, and may for the present be left out of consideration. 
if7 and Hh are much sharper and narrower at the limb than at the 
center of the sun, largely through the wxakening of the wings which 
accompany these lines. The central part of the lines also appears 
to be slightly weakened at the limb. In spots they act in the same 
way, but the effect is more marked. Ha is certainly widened at the 
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limb and possibly somewhat strengthened. There appears to be no 
great change in the sharpness of the line, the edges being slightly dif- 
fuse in both cases. In spots, on the contrary, Ha is much narrower 
than in the spectrum of the sun's center and is also weakened. We 
have as yet found no means of explaining this apparent anomaly. 

Carbon and cyanogen are particularly interesting. Many lines 
in the violet carbon band are of unchanged intensity, or perhaf)s 
slightly strengthened, at the limb. The cyanogen fluting, which 
begins at X 3884, is, on the contrar}', very decidedly weakened at the 
limb. This is clearly shown in Plate XVIII. 

The behavior of the spark lines is a matter of special interest. In 
addition to the lines given in the list, the very noticeable weakening 
of most of the lines of the G group may be mentioned. The great 
majority of these are unidentified by Rowland, and are probably 
spark lines. The more conspicuous of these lines are weakened in 
si)ots, and doubtless others would be were they not congealed, as 
suggested in our last paper, ^ by the overlying solar spectrum. 

The behavior of the line X 4233.3, which is probably mainly due 
to enhanced Fe^ as shown by Lockyer, is of special interest, as this 
line is very strong in the tlash spectrum. At the limb, on the contrarj^ 
it is much weakened. There are doubtless many other eases of this 
kind which will require careful investigation. 

The bearing of these results on solar theory cannot properly be 
discussed until much more material is available, particularly as regards 
relative intensities and line shifts. These investigations are now in 
progress, and we therefore reserve further discussion for a later paper, 
in spite of various seemingly obvious consequences which at once 
suggest themselves. For example, it now seems difficult to reconcile 
our results as to the (lisap])earance of wings at the limb with Halm's 
conclusion that the dense vai)ors lying close to the photosphere con- 
tribute relativelv more at the limb than at the center to the formation 
of the absorption lines. We hoi)e at an early date to be able to discuss 
this point fully, as well as many more of equal interest. 

April, 1007 

^ C(>ntr;hiiti(>ns jrinn tlic SoJiir (^hsrri\itory. No iz,\ Astro physical Joumalj 25, 
75 i<^^7- 



SOME NEW APPLICATIONS OF THE SPECTRO- 

HELIOGRAPH' 

By GEORGE E. HALE 
I. SOLAR PHOTOGRAPHY WITH SUN-SPOT LINES 

In several previous papers I have remarked on the importance of 
photographing the sun with the lines aflFected in and near spots. In 
our photographs of spot spectra many lines are strengthened or weak- 
ened, not merely in the umbra and penumbra, but in extensive regions 
surrounding spots. This effect, conspicuous enough to show itself 
directly in the spectrum, is evidently within easy reach of the spectro- 
heliograph. Furthermore, our experience in the photography of 
faint hydrogen flocculi warrants the inference that spot phenomena, 
too delicate in their efiFect on line intensity to be detected with the 
spectrograph, will be brought to light by the application of spectro- 
heliographs of sufficiently high dispersion. 

The question of dispersion is evidently of crucial importance. 
If the line employed is sensibly narrower than the camera slit of the 
spectroheliograph, the admixture of light from the adjoining continu- 
ous spectrum will tend to blot out the comparatively feeble impres- 
sion resulting from the faint light of the dark line. The fact that 
many of the most interesting cases are represented by extremely 
fine lines thus points to the use of spectroheliographs of great linear 
dispersion. This consideration, and the desire to photograph the sun 
with narrow dark lines other than those affected in spots, led to the 
provision of four prisms for the 5-foot spectroheliograph^ and the 
inclusion, in the original plan of the Snow telescope house, of a spectro- 
heliograph of 30 feet (9 . 14 m) focal length.^ The latter instrument has 
not yet been completed. The delay is due in part to difficulty in 
securing suitable prisms, and in part to the distortion of the Snow 
telescope mirrors in sunlight. This distortion, while inappreciable 

^Contributions from the Solar Observatory of the Carnegie Institution of Washing- 
ton, No. iS. 

2 Contributions from the Solar Obserjatory, No. 7, p. 6; Astro physical Journal, 
23i 50, 1906. This instrument has Ix-en used systematically since October, 1905 
for photographic work with some of the wider dark lines. 

3 Contributions, No. 2 p. 14; Astrophysical Journal, 21, 64, 1905. 
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during the short exposures that suflSce with the 5-foot spectrohelio- 
graph, would change the focus and seriously affect the definition of 
the solar image during the long exposures required with much higher 
dispersion. As explained in a previous paper, ^ it is hoped that such 
distortion may be overcome in our new vertical telescope, to which 
the 30-foot spectroheliograph will be transferred. 

Meanwhile, a temporary spectroheliograph of 30 feet focal length 
has been successfully used with the Snow telescope. This instru- 
ment was mounted in the telescope house, between the second mirror 
of the coclostat and the concave mirror of 60 feet focal length. Instead 
of the latter, a 5-inch (12.7 cm) objective, of 13 feet (3.96 m) focal 
length, was used to form the solar image on the collimator slit. The 
spectroheliograph was built in the Littrow form, with camera slit 
immediately below the collimator slit; an 8-inch (20.3 cm) objective, 
of 30 feet focal length, serving at once as collimator and camera lens, 
and a 6-inch plane grating. As the entire spectroheUograph was sup- 
ported in a fixed position on piers, it was necessary to cause the solar 
imai^e to move across the collimator slit, and the photographic plate 
across the camera slit, at a slow and uniform speed. This was accom- 
plished by mounting the 5-inch image-forming objective and the 
})latc holder (13 feet ai)art) on arms supported at opposite ends of the 
movable carriage of the 5-foot spectroheliograph. The driving mech- 
anism of this instrument,^ supi)lemented by a counter-shaft for slower 
speeds, served achnirably to give the necessary motion. 

On account of the small aperture (only a part of which was used) 
and the short focal leni^th of the image-forming objective, no appre- 
ciable chani^e of focus occurred fluring the exposures. The small 
diameter of the solar imai^e (1.4 inches =3 . 5 cm) prevented the minor 
details of structure from being recorded, but enough was shown to 
serve as a ,i^oo(l test of the aj)paratus and its possibihties. 

Several j)h()t()i;rai)hs of each spot were made by Mr. Adams and 
myself on each plate, the first exposure with the camera slit set on the 
(lark line, the other ex])Osures with this sht set on the continuous 
spectrum, a short distance from the hnc. In order to eliminate the 

1 ( V>;;.'r.'/)/<//rj;?9 />(?;;/ tlie Soldr ()h<:rn\itory, Xo. 14; AstropUysiciil Journal, 25, 
' Conlriliuf-iiiis, Xi). 7, J). 7; Astri'physiC'il J(>uru<il, 23, (xd, 1906. 
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eflFect of increased brightness of background, due to the absence of 
the dark line from the slit in the continuous spectrum photographs, 
these were repeated, with different speeds of driving. 

The first lines tried were those that are strengthened in the umbra 
and penumbra and on the photosphere, for a considerable distance 
from spots. The spectroheliograph plates made with such spot lines 
show the umbra and penumbra much darker than they appear on the 
plates taken with the light of the continuous spectrum. The apparent 
diameter of the spot also appears to be considerably increased, 
doubtless through the inclusion of the dark area surrounding it. 

Lines that are weakened in spots, and on the adjoining photosphere, 
also give definite effects, though the results so far obtained are less 
satisfactory than in the case of the strengthened lines. 

With a large solar image and good conditions of atmosphere, such 
a spectroheliograph as the one described above is capable of yielding 
many interesting results, if used systematically with lines affected 
in spots and with other dark lines. The 30-foot spectroheliograph 
designed for the "tower telescope" should, however, be much more 
efficient in many respects than this temporary instrument. The 
dark areas frequently observed on the sun with the aid of D3, usually 
in the vicinity of sun-spots, indicate that spectroheliographic records, 
made with the light of this line, will also prove of great value. In 
fact, the promise of future work with this and numerous other lines is 
so great that the efforts of many investigators, provided with the most 
powerful instruments, will be required to derive adequate results 
in this extensive field. 

II. STEREOSCOPIC PICTURES OF THE SUN 

The application of stereoscopic methods to solar work dates back 
to the time of De La Rue, who secured interesting results through the 
combination in the stereoscope of direct photographs of the sun taken 
at various time intervals, up to two days. These pictures, according 
to his descriptions, showed the spots as depressions and the faculae 
as elevated regions. Since his time but little appears to have been 
done in this field. 

In the summer of 1906 I thought it would be of interest to combine, 
with the aid of our large stereocomparator, various plates made with 
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the Snow telescope and 5-foot spectroheliograph. The resuhs were 
very satisfacton-, showing at once the sphericity of the sun and, to 
most observers, the protuberant character and cloudlike aspect of 
the flocculi. If the inten-al is too short, the effect is imperceptible; 
if too long, the changes in form of the flocculi, and the large displace- 
ments due to the solar rotation, trouble the eye when attempting to 
unite the images. 

The photographs reproduced in Plate XXI were taken on August 
22, 1906, at 7^ 26"^ A. M. and 5^ 21"^ p. m. During this interval the 
changes in the form of the flocculi are very noticeable, but do not 
prevent a fairly satisfactorj' combination of the images when a glass 
positive is viewed with a stereoscope. It is doubtful whether the 
half-tone print will give satisfactory results, though the sphericity 
of the sun should be evident. 

As for the appearance of the flocculi as elevated regions, this is 
much better shown with the aid of the original negatives, or with posi- 
tives reproduced on the same scale. The stereocomparator, provided 
with all facilities for centering and adjusting plates, permits the obser- 
vations to be made in a most satisf actorv^ manner. It should be stated, 
however, that some observers see the flocculi as apparent depressions 
rather than as elevations. This, however, is uncommon. 

It seems probable that further studies of this character will bring 
useful results. It has already been possible to detect in this way- 
linear markint]:s on the solar surface, of great extent, which do not 
readily strike the eye wlicn plates are examined singly. For purposes 
of measurement, and the detection of minute differences of form^ 
the monocular eyepiece, with micrometer attachment, which is fur- 
nished by Zeiss as an accessory of the stereocomparator, is of course to 
be em|)]oye(l. It nevertheless appears probable that the stereoscopic 
method will j^rove to have certain advantages of its own, which will 
recommend it to those who are engaged in the study of spectrohelio- 
graph ])lales. 

Appil, J0C7 
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ORBIT OF THE SPECTROSCOPIC BINARY k CANCRI 



By NAOZO ICHINOHE 

This star (0 = 9^ 2"^, S=-hii0 4'; Mag. H. P., 5.0; D. C, 5.3; 
P, 2)., 5.5) was found as a spectroscopic binar)- at Yerkes Obser- 
vatory by Messrs. Frost and Adams, in the course of the regular 
programme of work on stars having spectra of the Orion type. Their 
measures of the first five plates taken (IB 256, 267, 286, 289, 305) 
will be found in their paper.' At the suggestion of Mr. Frost, I 
began last summer to measure the spectrograms of the star taken 
later than the above plates. 

The spectrum of this star belongs to the later stage of develop- 
ment from the Orion type toward the Sirian type. The hydrogen 
lines are strong and well defined. The helium lines X.X 4009, 4026, 
4144, 4388, and 4472 are scarcely visible. The carbon line X 4267 
is well seen; the silicon lines XX 4128 and 4131 are very good for 
measurement, as they are quite strong and well defined. The K 
line is sharp and strong, and the magnesium line X4481 is also well 
defined. Besides these, many faint Unes of Fe and Ti^ especially 
Fe X 4550, can be seen. But generally, on a slightly over-exposed 
plate, the metallic lines become very faint and difficult to measure; 
while the hydrogen lines have very good definition on such plates. 
For under-exposed plates, on the contrary, the hydrogen lines are 
broad and diffuse, while the Mg line, as well as other metallic lines, 
are more distinct. The only lines in this spectral region which are 
always distinct are Si X 4128 and X 4131. 

I measured almost all the lines visible on the plates, but of course 
many of them are too faint to give precise values of the radial velocity, 
so that only the following lines were chosen for the determination of 
velocities : 



K.. 

Si. . 
Si. . 

/•v. 



Ti.. 
Hy. 



4 1 01 .8()o 
4128. 211 
4131.047 
4233-328 
4267.301 

433'"^ 084 
4340.634 



Ti.. 
Mg. 
Fe.. 
Ti.. 
Fe.. 
Ti.. 
Ti.. 



4344- 45 t 
44S1 .400 

4549.808 

4572-156 
4584.018 

4590.126 

4856.203 

4861.527 



^ Astrophysicai Journal, 19, 351, 1904. 
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The number of spectrograms of k Cancri obtained here up to 

date is twenty-five, the particulars as to which follow. For all of 

these plates the spectrograph was used with one prism. For the 

11. <' 51 mm . , ^ 57 rr«i 11 

colhmator - = ^ ; for the camera -, =7-^ . The scale-values 

/ 958 mm / 608 

at different wave-lengths are approximately as follows: 



rfA 
ds 



3933 i I mm=i6.5 t.-m.= 

4045 ' 18.9 

433^^ ' 25.9 

44S1 I 2Q.6 

4552 1 3^-6 

4856 1 40 -9 



1264 km per sec. 

1404 

1788 

1984 

2083 

2523 



The spark spectrum of titanium and iron was impressed on each 
plate at the beginning and end of the exposure. The slit-width was 
varied to suit the conditions of the atmosphere. The third column 
of the following table gives the G. M. T. of mid-exposure. The tem- 
perature (C.) is that within the outer case of the spectrograph. Under 
observer, A = Adams, B = Barrett, F = Frost. The seeing is estimated 
by the observer on a scale of 1-5, 5 representing the finest conditions. 

TOURXAL OF OBSERVATIONS 



Plate 


I)atL- 
i(>04 Jan. 


21 


, G.M.T. 

2 2^44'" 


Expo- 
sure 


Slil-Widlh 


Temperature 


Obser- 


Seeing 


IB 2-^(j 


e,-m 


. 038mm 


-I3?8C. 


A 


3 


207 


Jan. 


^3 


20 44 


50 


.051 


-12.4 


A 


3-2 


2 so 


Feb. 


2O 


' 18 :;8 


50 


.044 


- 7-8 


A 


2-1 


2S,) 


Manli 


8 


' 18 :;6 


4S 


■03S 


4- 2.2 


F 


3 


305 


April 


15 


; 15 ^5 


^0 


.03S 


+ 0.1 


A 


3-2 


330 


April 


30 


' 15 50 


'^6 


.038 


+ 16.2 


F 


3-2 


471 


Dcr. 


30 


20.18 


^7 


.041 


+ 2.2 


B 


3-1 


4S2 


U)0^ Jan. 





21 00 


7^ 


.041 


-13.0 


F 


2-1 


;oo 


1-rb. 


3^ 


18 3<, 


>o 


.051 


-16.6 


F-B 


2-3 


626 


J )c-. . 


u 


20 1 1 


46 


.051 


- 05 


F 


3-2 


^'^:> 


I )('( . 


1 1 


21 06 


48 


.051 


+ 4.2 


B 


3-2 


^44 


Dec. 


Is 


2 2 2 1 


sO 


.054 


+ 0.2 


F 


3 


^v^ 


l)c. . 


-1 - 


1 20 07 


^6 


.051 


- 2.9 


B 


3-1 


(>()2 


it)o6 [an. 


20 


1 18 54 


5-' 


.05() 


+ 3-2 


B 


3-2 


7' 3 


Manh 


-\^ 


\^ 59 


02 


.051 


- 4.6 


F 


2-0 


73>^ 


April 


20 


14 03 


C)o 


.050 


+ 18.7 


B 


3-2 


740 


April 


-?3 


14 14 


s2 


.051 


+ 9-7 


F 


3 


740 


April 


1 — 
- / 


1 '^ ''^ 


})0 


.0:^1 


+ 15-5 


B 


3-2 


S(;g 


0. t. 


3' 


, 23 34 


mm 


.051 


+ 5-2 


B 


3-2 


(;4*> 


1907 fan. 


21 


21 18 


120 


•051 


— 10.2 


F 


1-2 


(;')Q 


]•>!). 


T -» 


1 10 26 


55 


.051 


- S.q 


B 


3 


1018 


April 


13 


1 17 ^^ 


sO 


.046 


- 0.6 


Fox 


4-2 


1027 


April 


20 


1 15 40 


^S 


.046 


-f 6.1 


Fox 


3-2 


J 039 


Aj.ril 


2O 


; 14 57 


74 


.O^I 


-f 3.6 


F 


3-2 


1052 


Mav 


.10 


i 14 2h 


71 


.05, 


+ 6.0 


B 


2 
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Plate No. 644 is very weak and unsuited for accurate measurement, 
so that it is omitted from the discussion. All of the other plates, 
except the five by Frost and Adams, were measured by me. The 
method of measurement and reduction is that regularly employed at 
this obser\'atory. The number of lines on each plate used for the 
determination of radial velocity is not constant, varying from nine to 
three according to the nature of the plates, but generally five or six 
lines were chosen. The weight for each line is assigned during 
measurement, depending upon the character of line on the plate, 
and the weighted mean is taken for the radial velocity. The fol- 
lowing table contains all the data for the determination of the orbit 
of tc Cancri, The first column gives the number of the plate; the 
second, the date expressed in Julian days; the third, the radial 
velocity reduced to the sun; the fourth, the number of lines used 
for the determination of v. 



Plate Xo. 


Julian Day 


I' 


n 


Phase 


'c 


:-Vc 






km 






km 


km 


256 


2416482.047 


+ ^-5 


1 


I .000 


+ g.2 


-6.7 


267 


6503.S64 


+ 88.3 


5 


2-73« 


+ 81.8 


+ 6.5 


2S6 


6537 776 


-^34-9 


5 


4.68:^ 


-^31.2 


+ 3-7 


2^1) 


^^Af^llS 


--82.7 


(J 


2.8(,8 


^<\S-5 


-0.8 


305 


65cS6.64.^ 


— 70.0 




2.408 


+ 75-3 


-5-3 


330 


6f)o r . 6()o 


^31.2 


8 


4 • ^>30 


-^.S4.3 


-31 


471 


6S45.S46 


-44-5 


4 


5 • ^^9 1 


-47-3 


-1-2.8 


4«2 


^^SS-'^IS 


+ 85.6 


6 


3 134 


-S4.4 


-i- 1 .2 


Soo 


6.SS0.777 


+ 73-7 


(> 


2.464 


4-76.7 


-30 


626 


7 1 S() .841 


+ 3H-« 


/ 


4.664 


+ 32.6 


4-6.2 


(^^^ 


7 10 1 .87() 


-36.1 


5 


6.702 


— 34 - 1 


— 2.0 


^>3 


7205.8,^8 


-370 


4 


1.482 


^3-S-i 


— 0.2 


662 


7'\v-7^>^ 


- ?>?» ■ 7 


1 


1.467 


-^37-3 


-3-6 


713 


72(;,^ .()()() 


-52.9 


3 


6.201 


-507 


— 2 .2 


73'^ 


73^'-.v^5 


+ 61 .!; 


5 


2-J55 


+ 67.9 


-6.4 


740 


73-M-5<^S 


- 3^ 


5 


5i<^>3 


- 5^ 


+ 1-5 


1A(^ 


73-'^"^ -5'^ 


4-80.1 


3 


2.771 


--82.3 


4-6.8 


^()i) 


7515 .<)>^2 


-^ 20 .0 


6 


4.7^>-^ 


-25.7 


-5-7 


g4Q 


ta ^ ^ \_' 


^8^ -0 


6 


'sy>''^ 


--80. 8 


-^5-1 


t)<;0 


7t)2().8io 


-7S.2 


6 


3'^i^^ 


+ 81.8 


-36 


loiS 


7670.718 


-^71 -^ 


5 


2.280 


4-71.8 


0.0 


1027 


7686.65.^ 


+ 76.2 


4 


2.822 


4-82.8 


-6.6 


I0.:?() 


76(^2 .621 


-^70.2 


»m 

1 


2-307 


-^75-1 


-40 


1052 


7706.(^)01 


+ 82.2 


3 


3-501 


-f 80.4 


+ 1.8 



The period was investigated last summer, and after several trials 
it is found to be 3^^393. Although many plates were taken after 
this period was obtained, all of them gave values pretty close to the 
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expected velocity. Accordingly, I believe that the above value of 
the period is accurate within one one-thousandth of a day. 

Taking 3*^393 for the period, the phases were now calculated, as 
shown in the fifth column of the above table. For this the date 
of the first plate was assumed as phase i^ooo. Then the values of 
V were taken as the ordinates, and the phases as the abscissas of a 
system of rectangular co-ordinates. The points defined by these 
co-ordinates were plotted on millimeter paper, on a scale of i day = 
50 mm, I km = 2 mm, and a smooth curve was drawn passing through 
these points as well as possible, and such that the curve will fulfil 
the conditions for the determination of the orbit by the method of 
Lehmann-Filhes. 

The radial velocity of the center of gravity of the system is first 
found by shifting the axis of abscissas until the area inclosed by the 
curve above the axis becomes equal to that below the axis. We 
thus obtain 

Radial velocity of the sy>tem = +26.3 km. 

Then the maximum -4 and minimum B of the radial velocity, 

z^, Z-, and /,, /^ were determined as follows: 

.1=58. 2 km, B = 77.4km 

c, =6i6o>q. mm , :::2 = — 67 5osq. mm 

/,= 4'.J76o, /, = 7^725. 

The followinc; elements were derived: 

//, =cSl 51.2 

w = i62° i5'8 
r = o. 149 

or log /x = i . 75060 

T = 1904 Jan. 6.897 
ii >in / = 5,890 000 km 

\n order to see if the elements satisfactorily represent the obser- 
vations, an ephumcris was calculated; the computed values will be 
found in the sixth cokinm of the above table. The last colurrm of 
the same table gives the residuals, observation minus computation. 
The residuals are pretty large, ranging from -f 7 km to —7 km, but 
they may be regarded as fairly satisfactor}', since all these plates 
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were taken with one prism. The mean error of a single plate is 
±4.2 km. There is no appreciable evidence of systematic errors 
in the residuals. 

I did not try to correct the elements further, as the observational 
data are not yet adequate for the calculation of the definitive orbit. 
The accompanying figure shows the computed curve and observed 
points. 

+ 100 km 



+ 80 



+ 60 



+ 40 



+ 20 



— 20 



-40 



— 60 km 




o'l I 234567 

Computed \'elocity-Curve for k Caucri, with Observed Points 



8d 



The above relates exclusively to the principal component of the 
s])cctrum of /c Cancri; but the star shows another spectrum, as 
was pointed out by Frost and Adams. I was able to see the faint 
comj)onent of the spectrum on eighteen plates out of twenty-five. 
These lines are so extremely faint that it is very difficult to measure 
them, and the results are liable to great errors. The discussion of 
the orbit of the fainter component is therefore deferred until addi- 
tional plates can be obtained and greater certainty assured. 

Verkes Observatory 
May, I go 7 



ORBIT OF THE SPECTROSCOPIC BINARY /3 ARIETIS^ 

By H. LUDENDORFF 

The variability of the radial velocity of 13 Arietis was announced 
in 1903 by Director Vogel^ as a result of his measurements of 14 
spectrograms obtained by Messrs. Eberhard and Scholz and myself 
\vith spectrograph I\' (three prisms) attached to the 32 . 5-cm photo- 
graphic refractor of the Potsdam Observatory' during the period from 
1902 to the beginning of Februar}' 1903- At the request of Professor 
\'ogel, I subsequently investigated the radial velocity of this star 
more minutely, measuring again the fourteen plates mentioned and 
twenty-three additional ones obtained up to the end of 1904. The 
results of this investigation were published in Astronomische Nach- 
ricliten. No. 4090 (171, 149, 1906). As no determinations of the 
radial velocity by other observatories were available, I had to depend 
solely on the thirty-seven plates obtained here. I was only able to 
conclude that the period was 32/;?, where « is an integer^ 5. It 
further appeared that the radial velocity was almost constant during a 
considerable fraction of the period. 

Thirty-nine more spectrograms of /3 Arietis were obtained by Dr. 
Eberhard and myself with spectrograph IV in the winter season of 
1906-7, and these in connection with the thirty-seven earlier plates 
now permit a first determination of the orbit. 

Tlie spectrum of /9 Ariel is is to be assigned to VogePs class Ia2. 
The lines are all broad and dilTuse; and in the region sharply defined 
by sjK'ctrograph I\' (\ 4300 to a 4530) only two absorption lines, Mg 
X 44S1 and 7/7, could be measured. No indication of the second 
component of the star could be recognized in the spectrum. The 
magnesium line does indeed appear double on plates Nos. 1354 and 
1355, as stated by \'ogel in his |)aper referred to, but I have been 
unable to detect this appearance with certainty in any of the other 

I Transhited from advance proofs, sent by the author, of a paper to appear 

in the .Silzungsbcn'cJite dcr Berliner Akadcmic. 

* Astrouomischc Xachriclitcn, 163. 145, 1003. 
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seventy-four plates. It is therefore to be assumed that the duplicity 
of the Mg line on these two plates may be explained by special 
disturbances in the atmosphere of the star. Similar phenomena 
have often been observed here in the case of stars of the first 
type. 

On account of the width and diffuseness of the Mg and i?7 
lines, the measurements of the radial velocity of yS Arietis are quite 
uncertain. In order to overcome as much as possible the effect of 
a subjective error in setting, I employed a reversion-prism in the 
measurements, so that the position of the spectrum could be 
apparently reversed through 180° after the completion of the series 
of measurements in the first direction; the mean of the two series 
was then employed. 

Since the measurements of the H^ line were decidedly more uncer- 
tain than those of the Mg line, they were assigned only half-weight in 
the reduction. It was not possible to measure H^ at all on several 
of the underexposed plates (Xos. 1187, 1361, 1390, 1529, 1745, 1752, 
2054, 2057, 2058, 2063, 2066). On those plates the Mg line was 
measured twice, and the mean taken from the two wholly independ- 
ent series of measures. Those plates were also twice measured 
which gave values of the radial velocity differing from each other by 
more than 15 km; the plates were Nos. 1329, 1343, 1355, 1513, 
1748, 1759, 2008, 2025, 2036, and 2060. 

The uncertaintv of the radial velocitv from the measurements of a 
single plate may amount to 10 km, in some cases even more. The 
results from the sixty-five i)lates on which both the Mg line and i/7 
were measured indicate in the mean that a receding velocity of the 
star greater by 3 km may be inferred from the Mg line than from 

The following summary shows all the data which I em{)loyed for 
the (k'termination of the orbit. It gives the number of the plates, the 
date, Central Euroi)ean Time of mid-exix)sure, the observers at the 
telescope (E=Eberhard, L =Ludendorfif, S=Scholz), the radial 
velocity reduced to the sun, and finally, in the last column, the phase 
4> com{)uted after the period had been determined, i. e., the interval 
expressed in days from the next preceding maximum of the radial 
velocitv. 
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No. 


Date 




C. E. T. 


Observer 


• V 


« 


I187 


1902 Oct. 


21 


qh. 43m 


E, S 


- Skm 


+ 17^ 


II96 




22 


10 24 


E, S 


— 2 


18 


1323 


1903 Jan. 


17 


6 55 


E, S 


4-31 


105 


1329 




18 


6 23 


E 


+ 43 


106 


1334 




19 


6 27 


E, L 


+ 60 





1337 




20 


6 10 


E, L 


+ 19 


I 


1340 




21 


6 11 


E, L 


+ 12 


2 


1343 




22 


5 37 


E, L 





3 


1349 




27 


7 2 


E 


4- 2 


8 


1350 




28 


7 41 


E, L 


— II 


9 


1354 




29 


5 44 


L 


— 10 


10 


1355 




5^ 


9 42 


E 


— I 


12 


1356 


Feb. 


2 


6 


E, S 


- 8 


14 


1361 




6 


6 4 


E, S 





18 


1363 




6 


8 28 


E, S 


- 5 


18 


1368 




15 


6 24 


E 


- 5 


27 


1374 




16 


6 13 


E, L 


+ 6 


28 


I38I 




19 


6 30 


E, L 


- 4 


31 


i3«3 




20 


6 23 


E, L 


- 8 


32 


13S6 




24 


6 30 


E, L 


- 7 


36 


13^9 


March 


2 


6 57 


E, S 





42 


1390 




4 


6 50 


E, S 


- 5 


44 


1 39 1 




/ 


6 58 


E, S 


- 6 


47 


1394 




8 


7 ^4 


E 


- 8 


48 


^5^3 


Dec. 


3 


8 6 


E, L 


+ 24 


104 


15-^1 




4 


S 47 


E. L 


+ 36 


105 


1526 




2 2 


S 24 


E, L 


— 2 


16 


1 5 -'9 




25 


6 8 


E 


-17 


19 


^533 




28 


7 34 


E, L 


- 8 


22 


T ^ "» ^ 


1904 Jan. 


4 


6 7 


E 


- 4 


20 


1549 




1 1 


6 II 


L 


- 9 


36 


I5'^4 


Feb. 


12 


6 10 


L 


+ 4 


68 


1745 


Dec. 


6 


<> 53 


L 


- 8 


45 


174S 




() 


^ 5 


E, L 


4- 5 


48 


1752 




12 


6 47 


E 


— 10 


51 


1755 




13 


6 32 


L 


- 7 


52 


175'' 




16 


() 50 


L 


- 5 


55 


H)94 


igo6 Sept. 


27 


10 15 


E 


+ 10 


63 


i()()5 




28 


9 31 


L 


- 9 


64 


1907 




30 


9 45 


E 





66 


igu'j 


Oct. 


I 


9 33 


L 


- 6 


67 


2003 




8 


32 


E, L 


- 7 


74 


2005 




9 


10 27 


E. L 


— II 


75 


200O 




iO 


10 24 


E 


-f I 


76 


2C0S 




13 


9 21 


E, L 


+ 8 


79 


200() 




17 


8 27 


E. L 


4- 2 


83 


2014 


Nov. 


6 


9 47 


E 


+ 21 


103 


20 1 




8 


7 50 


L 


-^34 


105 


201 7 




8 





L 


+ 27 


105 


2020 




9 


9 21 


L 


+ 39 


106 


2022 




9 


8 S^ 


E, L 


-^41 


106 


2025 




10 


7 8 


L 


+ 57 





202^) 




10 


8 22 


K 


+ 57 





2027 




14 


S 17 


K 


+ I 


4 


202S 




'5 


6 33 


L 


- 8 


5 


2032 




20 


8 56 


E, L 


- 5 


10 
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No. 


Date 




C.E.T. 


Observer 


V 


« 


2036 


Nov. 


24 


-jh 13m 


E 


— 2km 


14 


2040 


Dec. 


I 


9 3 


L 


- 7 


21 


2043 




7 


6 8 


E 


- 8 


27 


2048 




8 


9 9 


E, L 


-18 


28 


2050 




22 


6 17 


L 


— 2 


42 


2054 




27 


7 5 


E 


+ 4 


47 


2057 


1907 FeV). 


II 


6 41 


E 


- 7 


93 


2058 




II 


8 5 


E 





93 


2060 




12 


6 17 


L 


+ 7 


94 


2061 




12 


7 29 


E, L 


+ 2 


94 


2062 




20 


6 2^ 


L 


-^rS 


102 


2063 




20 


7 18 


L 


+ 13 


102 


2064 




22 


8 13 


L 


+ 21 


104 


2066 




^2> 


8 18 


E. L 


4-25 


105 


2067 




25 


6 20 


L 


+ 53 





2068 




25 


7 13 


L 


+ 62 





2o6g 




25 


7 52 


E, L 


+ 60 





2070 




25 


8 38 


E 


+ 65 





2073 


March 


3 


6 45 


E 


- 3 


6 


2077 




4 


7 59 


E 


- 3 


0m 



A graphical representation of the values v of the radial velocity 
shows positive maxima on the following days, of which only the 
second is somewhat uncertain. 

1903 Januan' 19= J- D- 2 416 134 
December 6= " 2416455 

1906 Xoveml)er 10= '* 2 417 525 

1907 February 25= ** 2417632 

The intervals of the last three dates from the first are 321"^, 139^^, 
1498'^ or 3X107^, i3Xio7'^o, i4Xio7'?o. The period of revolu- 
tion is therefore 

7^ = io7''o. 

I would remark further that the observed values of v do not permit an 
alicjuot part of io7'?o as the jxjssible period; S?)^-S} or one-half of 
io7'?o, would require a maximum on 1904, December 14-15, which is 
contrary to the observations. 

The observations show that the true value of the period can deviate 
from the value ^iven bv onlv a few hundredths of a dav. This fol- 
lows not onlv from the times of the observed maximum values of v, 
but also when the period is determined from certain jxDints of the 
velocity-curve where its rise is steej). 

If we now arrange the observations according to phase, it appears 
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that in consequence of the uncertainty of the measurements the obser- 
vations at the same phase at times deviate pretty widely from each 
other. It therefore seemed advisable to me to form normal values, 
Vq, of the radial velocity by forming means from the observations 
taken at the same or closely related phases. For the phases 105*^ to 
o"^ and o"^ to 2^, observations at the same phase only were averaged, 
since the changes in v are here very large. For the others the values 
of V corresponding to the following values of <I> were formed into 



means v 



o • 



* = 3'' to 5'' 
6 to 8 
9 to 12 
14 to 17 

18 to 22 



* = 27'' to 29^ 
31 to 36 
42 to 45 
47 to 48 
51 to 55 



74 to 83 

93 to 94 

102 

103 to 104 



In averaging, the values of v which depend on the Mg line only, were 
given a weight §, the remainder a weight i. 

The spectrograms taken at 4> =0^ all yielded values of ?; (-f53 to 
+ 65 km) lying pretty near to the mean value (-(-59.1 km). None 
of these values differs from the mean more than the uncertainty of 
measurement would permit. Even the progression in the four values 
of V ( -^53, +62, +60, and +65 km), indicated on the evening of the 
last maximum, cannot be reiijarded as certainlv real. I therefore 
made a simple assumption that the observations corresponding to 
4) =0^ were actually made at the time of maximum. 

The following table contains the results of the computation of the 
normal values v^ of the radial velocity. The third column contains 
the number n of plates on which the value of v^ depends, and the 
last column contains the weight p. 



'I> 


' 


;{ 


p \ 


* 


t'o 


n 


P 


o-J 


-i-;g.lkm 


7 


/ 


4^^ 


- 3.2km 


4 


3i 


1 


-^U) 


I 


I 


4S 


- 1-7 


4 


3i 


2 


— 12 


1 


I 


53 


- 7.0 


3 


2* 


4 


- ~ 3 






^6 


— 0.2 


5 


5 


7 


, - 1.,:; ' 




•-* 


77 


- 1.4 


5 


5, 


10 


— f) S 


4 


4 


04 


+ 1-3 


4 


3* 


15 


- 4-7 


4 




102 


-^ 14.2 


2 


ij 


i<) 


— fi.2 


f) 


5 5 


104 


+ 22 .0 


3 


3, 


jS 


- 5 «^ 


^ 


.s 


105 


+ .U-0 


5 


4* 


.u 


7 • - 


4 


4 


100 


-^41 .0 


3 


3 
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In order to be able to employ the method of Lehmann-Filhds' for 
determining the orbit, the values of v^ were platted as ordinatcs and 
those of <I> as abscissas in a rectangular system of co-ordinates, and 
a curve was drawn fitting the points thus obtained as closely as 
jx)ssible; this serves as the basis for the orbit. The radial velocity 
of the center of gravity of the system of ^ Arietis came out 

F = — 0.6 km. 

On the scale of the drawing (i*^ =2 mm; i km =1 mm), the following 
values, expressed in square millimeters, were obtained : 

Zi = -1-128; Z2 = — 424. 
We also have 

.4=59. 7km; 5 = 5. 5km. 

In view of the uncertainty of the maximum value of 7;, A was taken in 
round numbers as 60 km. 

Bv the formulae derived bv Lehmann-Filh^s I then found the 

following elements: 

//, = i46?3, 
(0= i9?7 , 
€= 0.88, 

/!= 0.05872 -3?364, 
T=-\-oU , 
a sin 7=22 880 000 km, 

V — = o . 04 2 G . 

Since the spectrum of only one component of /3 Arietis is visible, 
nothing further can be determined as to the masses than the ratio 
given above. If we assume m =f7i^, we should have 

w sin W' =0.17 O . 

For / = gC^ we should therefore have m = m, =0. 1 7 , or the total mass 
of the svsiem would amount to about one-third that of the sun. 

I would add a few further remarks as to the computation of the 
elements. The radial velocitv of yS Arietis varies exceed indv slowlv 
at the time when it has its largest negative value, so that the velocity- 
curve to that point runs almost parallel to the axis of abscissas. The 
consequence is that the determination of the phase to which the 

I Astronomischc Nachrichten, Xo. 3242, 136, 17, 1894. 
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greatest negative ordinate B belongs is extremely uncertain. Hence 
z^ was found by subtracting the quantity z^ from the entire area 
below the axis of abscissas (after this had been displaced for the 
motion of the center of gravity.). 

The eccentricity e was computed by the formulae of Lehmann- 
Filhes: 



e sui CO = 



2l AB Za-fSi 

.1 -\-B Z2 — Z1' 
4-B 



e cos 0) = ;: . 

The formula otherwise applicable for large eccentricities, 

1 i — e^=7r tan u. z^— > , 

} 2 V \' 

is hardly suited to the present case; since the time /, at which the 
radial velocity of the star equals, for the second time (reckoned from 
its maximum), the radial velocity of the center of gravity of the 
svstem, can be onlv verv inaccuratelv determined on account of the 
verv acute anijjle at which the velocitv-curve cuts the axis of abscissas. 
In order to test how well the elements represent the observations, 
I computed the following ephemeris. In so doing no attempt was 
made lo ,^ive the fraction of a kilometer rigorously, which would be 
sui)ernu()us in view of the inaccuracies of the observations as woll as 
of the elements. 



'1' 




I' 


•I" 


V 


* 


V 


.O'l 


1 -1- 


■^o'^ 


- s . 8l-m 


gS d 


+ 4-5^™ 


5 


- 


■l.VO 


-^ ^ 

."l> 


-56 


97-5 


4- 6 


5 


T .0 


-\ 


2 I 


40 


-s ^ 


100.0 


+ 9 


5 


I -; 


« 


l^-S 


45 


-40 


lOI .0 


+ 11 





2 .0 


4 


-S 3 


?^ 


"4-5 


102 .0 


+ 13 


3 


3.0 


i 


-'■4 


> > 


-41 


103.0 


+ 16 


3 


4.0 


— 


07 


ho 


. — . t -' 


1 104.0 


+ 20 


/ 


; -0 


— 


- 4 


^\^ 


- .V I 


, 1050 


+ 27 


6 


7 • 5 


- 


4 5 


70 


- 2.4 


105 -5 


-^53 


3 


TO 


— 


5 • ,^ 1 


75 


-I 7 


^ 106.0 


+ 42 


3 


15 


- - 


() 


So 


--O.S 


iof).5 


+ 53 


3 


20 


— 


I 


'"^5 


-0.4 


107.0 


+ 59 





25 





ho 


.)0 


f 2.0 


1 





The normal values 7'^()f ilie radial velocity derived from the obser- 
vations arc represenled as follows: 
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4» 


O.-C. 


4» 


O.-C. 


4» 


O.-C. 


Od 


+ o.il^ni : 


IQfi 


— o.i^m 


77^ 


-o.ikm 


I 


-71 


' 28 


+ 0.1 ' 


94 


-2.7 


2 


+ 3-7 i 


34 


-1.4 


1 102 


+ o.g 


4 


-1.6 


43 


+ i.g 


104 


+ 1.3 


7 


4-2.8 


48 


+ 3-0 


105 


+ 3-4 


10 


-i-S 


^^^^ 


-2-7 ! 


106 


-1-3 


15 


+ 1-3 


66 


+ 2.8 

1 







The representation is entirely satisfactor)% as systematic deviations 
nowhere strongly appear, and the values in general are also small. It 
is to be noted that the two largest diflferences (at 4> = 1^ and 4> =2^) 
correspond to values of Vq which depend on the measurement of only 
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Computed Vrlocily-Curw of /3 Arictis with normal values of velocity. 

a single plate. The mean value for weight unity, i. e., for a plate on 
which the Mg line and Hy were measured, comes out as ±4.05 km. 
This value is not larger than would have been expected in advance 
from the character of the spectrum. 

In view of what has been said, there is no occasion for undertaking 
a correction of the orbit until further observations have been obtained, 
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particularly such as will permit a sharper determination of the 
maximum velocity. 

The figure gives a graphical representation of the ephemeris and 
of the normal values v^ of the velocity. The unusual form of the 
velocity-curve is explained by the very great eccentricity of the orbit, 
and by the fact that the passage of the star through the ascending 
node nearly coincides with its passage through periastron. 

The observations by no means exclude the possibility that A is 

somewhat larger than I have assumed it to be, in which case e would 

be larger than as given above. If, for instance, we take i4 =70 km, 

and regard z^ and z^ as unchanged, which is tentatively permissible 

in view of the very ix)inted form of the curve near the maximum, we 

obtain : 

/^ = i48?7 , 

co= 18. 1 , 
€= 0.90. 

Arid is has by far the greatest eccentricity of any spectroscopic 
binary of which the orbil is thus far known. /3 Herculis follows with 
an eccentricity of o . 55, and ? Ursac Major is with 0.52. Small eccen- 
tricities appear to })re(Iominate in general among spectroscopic 
binaries, in so far as such conclusions may properly be drawn from 
the slight amount of data at })resent available. For the twenty-six 
orbits of such systems at present known, including fi Arietis, the 
eccentricities are distributed in the followinsr wav: 

< No. 

0.00 to O. 15 15 

o. i6 U) 0.30 3 

0.31 to 0.45 2 

0.46 to 0.55 5 

>o.55 I 

It should be mentioned further that Deslandres found ^=0.60 for 
the spectrosc()]>ic binary 6 Aqnilac; but the orbit seems to be ver\' 
uncertain, and 1 therefore did not include that star in the above 
statistics. 

Amoni^' \i>u[d binaries there are several havincr an eccentricitv as 
great a>, or even greater than, that of fS Arirlis. Aitken's ** Cata- 
logue of the Orbits of Vi>ual Hinary Stars''^ gives for 7 Virginis, 

^ Lick ( fhsrri'iilcry BuIIclin, Xo. S4, U)0^. 
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^=0.90; for 2 2525, even ^=0.96. The periods of these stars are, 
however, 194 and 307 years. Aside from these, eccentricities of 0.80 
or over occurred in case of the binaries 7 Andromedae BC (^=0.82, 
P = 55 years), 99 Herculis (e=o.8i, ^=65 years), and y Centauri 
((?=o.8o, P=88 years). In these cases the systems are all of long 
period, while in the case of yS Arietis the very large eccentricity is of 
particular interest especially in view of the shortness of the period. 

ASTROPHYSIKALISCHES ObSERVATORIUM 

Potsdam 



A SPECTROGRAPHIC STUDY OF THE FOURTH-CLASS 
VARIABLE STARS Y OPHIUCHI AND 

T VULPECULAE' 

By SEBASTIAN ALBRECHT 
INTRODUCTION 

On account of the extremely small displacements of spectrum 
lines, clue to ihe radial velocities of the stars, it is desirable to use 
spectrographs of as high dispersion as possible. The amount of 
star light available is the principal factor in determining the upper 
limit of the dispersion. At present, determinations of the radial 
velocities of stars are made most extensively with three-prism instru- 
ments. These can be made to vield velocities reliable within a few 
tenths of a kilometer. The practicable limit of such an instrument, 
attached to the largest existing telescopes, is about the sixth photo- 
graphic magnitude, which recjuires an exposure of approximately 
2\ hours. There is urgent need for a knowledge of. the radial velo- 
cities of much fainter stars. Data for the solution of important 
astronomical i)roljlems by non-sf)ectroscopic methods have been 
obtained from a large number of stars, some of which are as faint 
as the twelfth visual magnitude, whereas radial velocities have 
really been limited to the sixth photographic magnitude. The one- 
prism spectrograph of the Lick Observatory was employed by Dr. 
R. H. Curtiss in a study of the variable star IF Sagiiiarii,' which 
varies between 5.5 and 6.5 })hotogra|)hic magnitudes. His work 
showed that good velocity determinations with the one-prism instru- 
ment could be obtained, at least when the exposures were compara- 
tively short. His average ex|)osure was about 30 minutes. It was 
(lefmiiely an object of the present investigation to test the efficiency 
of this .s])ectrogra|)h for much fainter stars, recjuiring long exposures. 
The a\'eragc' ex])Osures for tlie two variable stars selected (T Vtil- 
penihic and Y Ophiuchi) were 75'^^ and i8o"\ respectively. The 

^ Thois in pariial fuhiliiu-nt uf rr([uir(.-nients h)r the (k-grcf of doctor of philosophy 
in tlic rnivcT'-ily of California. 

■2 L. f>. BullrHii, 3, K), Kjoj: Miul As/r(>l)/iysiciil JoiiDKi/, 20, 149, 1904. 

.S3^ 
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latter star, of about the eighth photographic magnitude at minimum, 
may be considered the practicable limit for this instrument, attached 
to the 36-inch refractor. In the case of a star whose light is concen- 
trated in a few spectrum lines or bands, it is of course possible to go 
several magnitudes lower. For example, the spectrum of Nova 
Aquilae No, 2 was successfully photographed when the star was of 
the eleventh visual magnitude. 

The dispersion of the one-prism spectrograph is one-fifth that 
of the three-prism Mills spectrograph. The average radial velocity 
of the brighter stars is about ±20 km per second. The equivalent 
displacement with the one-prism instrument, for the i/7 region, 
is 0.005 ^^- '^ radial velocity of 2 km would produce a shift of 
0.00002 inch (0.0005 mm). If the average radial velocity for the 
fainter stars is about the same' as for the brighter, then these small 
displacements are the quantities to be measured on the plates taken 
with the one-prism s])ectrograph. The results obtained are con- 
sidered highly satisfactor}'. In the case of Y Ophiuchi, with an 
average exposure of 3 hours, the double amplitude of the vclocity- 
cur\'e is only 17 km. On the Mills spectrograms the same linear 
displacements would give a curve of 3^ km double amplitude. 

In addition to testing the possibility of extending the useful- 
ness of the one-prism instrument for radial velocity work, it was 
thout^ht that a contribution mi^jjht be made toward the discoverv of the 
causes of some of tlie peculiarities that are observed in short- period 
variable stars of the S Ccplicl or v Aquilae type. Some of the more 
im})ortant points to be considered in this connection are: the peculiari- 
ties of, and the relation between, the light- and velocity-curves, pe- 
culiarities of the spectrum, changes in the character of the spectrum 
during the period of variability, and the behavior of the individual 
spectrum lines. The situation has been well described bv Dr. 
Alexander W. Roberts.^ 

' (^imj)l)(*ir> rrsults st-em to indiialc that the velocities of the fainter stars arc 
greater than those of the brighter stars. — Astropliysictd JournaL 13, 85, k^oi. 

2 "The !se whose researches lead them in one (lire(ti(»n of an incjuiry regarding 
the causes whic h underlie short-i)eriod variation must be impressed as well as 
oppressed, with the great area of uncertainty which surrounds the whole subject. 

".\t first sight we -^vvm to know practically nothing of the immediate circum- 
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INSTRUMENT 

With the exception of the addition of a temperature- case, the 
instrument used was the same as that employed by Curtiss in his 
study of W Sagittarii (Lc), References in regard to description of 
the various parts of the instrument are given in that article. The 
iron spark, with sufficient self-induction to eliminate most of the air 
spectrum, was employed as the source of the comparison spectrum. 
The temperature-case was always put on the spectrograph between 30 
minutes and an hour beforehand, in order to allow the greater part 
of the equalization of the temperature within the case to take place 
before beginning the exposure. 

A PECULIARITY OF THE SPECTRA 

In the variable stars of the S CepJiei type there is a greater richness 
of photographic radiation relatively to visual radiation at light- 
maximum than at light-minimum.^ During the light-period the 
j)oint of maximum cncrg}' on the energy-curve shifts along the spec- 
trum, moving toward the shorter wave-lengths as the star approaches 
light-maximum, and back again toward the longer wave-lengths as 
light -mini mum is approached. This fact is to a certain extent 
masked upon the spectrograms by instrumental and atmospheric 
causes, but in a long series it can readily be verified. My attention 
was first attracted to it by plate 13B (of U Aquilae), on which the 
region X 4000 to X 4200 was stronger than the Hy region. I then 

statu I's N\hi( li produce varialioii of the dctinile type to which such stars as v Aquilae 
and 5 ( 'rhliri bclonj^. 

"And yd tlu- unn-rtainty is nciibiT roniplctc nor final. We are convinced, for 
cxainplo, iliat re vol ill ion and variation, or it may l^e rotation and variation, are con- 
ncc ird together in sonu- intinialt- relation, and thai a solution <if the problem of short- 
j)eriod variation will he obtained when we are able to declare what the nature and 
extent <if this ivlation is. 

''Atiy in\r->ti^atio?i, therefore, that ]>urj)oses dealing with the measures of radial 
\elo(ity olitaint'd liv s])e( t?-oscopic o])servations must have a direct bearing on the 
wider pntbhni of stillar variation. V>y lonsidering the orbital movement of any 
biiiar\' -.\str!n that also exhibit^ li^ht-pulsations. we are approaching this problem 
from a le-s diffn ull and p?-oba])lya more hoju-ful direction." — Monthly Notices R. A. S.j 
66, 3^0, ioof\ 

I Tlie iilwe-rvations by W ilkens (ontirm thi> j)oint. For five stars he finds the 
photot^raphii ranj^e of bri^hino.-, to bi- alxait one-half t^reater than the visual range. — 
Astrouoniischc Xiu lirichlrii, 172. ^^05, igof). 
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examined all the spectrograms of W Sagittarii taken by Dr. R. H. 
Curtiss, and found the violet considerably weakened relatively to the 
green on the approach of light-minimum, the effect being greatest 
for this star between three and five days after light-maximum. The 
region from the H line to about X 4200 is increased in intensity rela- 
tively to the blue and green as light-maximum is approached, and is 
apparently strongest at about 0.4 day after maximum. 

The usual appearance of a spectrogram of a star of this type, 
taken on a Seed's Gilt Edge (27) plate, is a denser portion of about 
300 Angstrom units' length at X 4600 or X 4700, fading off slowly 
toward the violet and more rapidly toward the red. A combination 
of causes outside of actual changes in the star itself — such as differ- 
ences in the transparency of the atmosphere, seeing, collimator 
setting, and emulsions — will somewhat modify this appearance. It 
is, therefore, not easy to determine from the spectrograms whether 
this shift of the point of maximum-energy along the energ}'-cur\T is 
entirely regular. The effect usually appears as a considerable intensi- 
fication of the region X 4000 to X 4200, this region being then stronger 
than the H^ region. On a few spectrograms it produced an almost 
uniform density of spectrum from the K line to X 5ooo±. On plate 
9qB the effect is so marked that the possibility is not entirely excluded 
that it might have been due to a somewhat unusual outburst in the 
star. The plate falls close to periastron, though this may be acci- 
dental. Plates 35B of T Vulpeculae and 65A of U Aqidlae show a 
similar appearance. 35B comes half a day after light-maximum, 
and 65A at maximum. 

THE INDIVIDUAL SPECTRUM LINES 

On account of the smallness of the dispersion, nearly all of the 
measurable lines on these si)ectrograms are blends of several compo- 
nents. One of the first points considered was the possibility that, 
for a few lines, some of the components might var}- sufl'iciently during 
the light-period of the star to produce periodic shifts of measurable 
magnitude in their i)ositions.' In this connection several factors 

» Since then, variations in the [)<)sition.s of spectrum lines which are j)rc)gressive 
from spectral type to type have Ix^en ff>und by the writer on the spectn)grams taken with 
tlu" three-prism spedrograph of the Mills Observatory in Chile. (See L. O. Bulletin, 
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must be taken into account, the more important of which axe the 
effect of vaning amount of exposure, and the accuracy of measure- 
ment. 

For the pur[>oses of this study 3q lines were selected, and for 
each Hne the residuals lO.-C.) — i. e., the velocity given by the line 
minus the mean for all the hnes measured on that plate — were formed 
and j)lolled from the measures of 34 spectrograms of Y Ophiuchi^ 
arranged according to phase in the hght-period. The same was done 
for 35 spectrograms of T Vulpcculae. Nine spectrograms of Y 
Ophiuchi and lifieen of T Vulpcculae were represented by double 
measures, the second measures having been made at times var}'ing 
from a day to two years after the first measures. Each measure was 
made with violet to the left and violet to the right. The 24 spectro- 
grams that are lepresented by double measures include ovcrexp>osures 
and underexposures, and i)lates on which the star lines are quite fuzzy. 
In (juality they are below the average of all the plates, and the meas- 
urements were made under varvini]^ conditions of illumination. 
Thev furnish, therefore, a severe test of the accuracv of measurement. 

Following are the results briefly summarized. The probable 
error of mea^urement of a single line, as obtained from these double 
measures, was found to be ±2.0 km. For only 8 p>er cent, of the 
lines did the second mea>ure ditTer from the first bv more than 10 km, 
and the greatest difference found was 27, km. The greatest error of 
measurement was therefore 12 km. If to the 2t, km be added twice 
the largest error of a |)late, we see that the greatest total range, on 
all the plates, of any indivichial s])ectrum line should be about 30 km 
(i. e., 15 km on each >i(le of the zero position). The best lines should 
not ha\e a range greater than half that amount. Nevertheless, the 
actual range averaged more than 30 km, and in several cases was as 
high a^ 50 km. A line, which from all external appearances should 
not fh'ffer from its zero ])()sition by more than 6 or 8 km, would occa- 
sionally differ from that position by 25 km. Almost invariably the 
^e( ond mea.-ure would reproduce the first within a few kilometers. 

.\m. I'.fi. ;ir'.(l A \tri>p'iiy^i(,:l Ji>ur>i-il, 24. _:;.; ^ i'Of>.> Al.-o, a preliminan' study of the 
the hiuh fii-|tcr-i<>n -jh-i ir< .'jrarn-of 77. 1 quii.ir -h- ^\\^•^\ vtTy>ironi^ indications of just such 
\.iri.iii< »!■.■> in thr po-itii.n- of ( t-rtain liru-^ as wt-rc looked for on these low-dispersion 
plalf- of y Ot'h'niriii and 7" V ul prcuiir. 
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The following residuals (in km), obtained from the first and second 
measures of plate 53 A, illustrate this point (only the lines that were 
included in both measures are here given): —3, +4; — i, — i; —7, 
-3; -9, -7; +4, +2; +25, +24; -5, -2; -2, -2; +10, +11; 
-7, -5; -21, -19; +20, +11; +9, +7; -21, -23; +6, -3; -9, 
-17; -4,-5; +8, +11; -3,-5; +3,-1- The line giving the 
residuals +25 and +24 km, on the first and second measures respec- 
tively, is to all appearances one of the best lines on the plate. On the 
thirty other spectrograms of the same star on which the line was meas- 
ured the residuals range between +10 and —11 km. The relative 
displacement of this line on plate 53A is without doubt real, though 
the cause of the shift is uncertain. There is no evidence of anv 
distortion of the film. This region of the plate is somewhat under- 
exposed, and it was at first believed that this would account for the 
broadening of the line. Several other plates on which the exposure 
is about the same as on plate 53 A, and some that are more under- 
exposed, do not show the broadening. This is only one of a consid- 
erable number of similar examples. 

Suffice it to slate that no definite trace of a shift of anv of the lines 
was found which is progressive with the j)hase of the star in its light- 
period. Large shifts in the positions of many lines were found, which 
seemed to be more or less of an accidental nature. For the present 
the ([uestion will be left in abeyance as to whether or not these irregular 
changes in the positions of some of the lines are due entirely to causes 
outside of the star. 

THE VARIABLE STAR Y OPHlUCllI 

The variable brightness of Y Opiiiuchi was discovered by Sawyer 

in 1888. The principal data taken from the Chandler and Harvard 

Catalogues are as follows: 

Chandler's Third Catalogue 

a, 1900.0,= 17^^ 47'"3» ^, 1900.0,= —6° 7'. Visual magnitudes 6.2 to 7.0. 
Period 17. 1207 days. Epoch of maximum 1882 Sept. 5; /. D. 2408694.25. 

Hansard Catalogues 

Visual magnitudes 6.1 to 6.5; Class IV; Sp. G. 

Three hundred and nine observations bv Luizef^ in the vears 

1898 to 1904 were found to satisfy Hisgen's elements given in Chand- 

' AstroHomischc Xnchrichteu, l68, 351, 1905. 
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ler's Third Catalogue. Luizet gives the visual magnitudes as 5.9 
to 6.6. The observations for the light-variations fortunately extend 
to within a year of the spectrographic observations that are dis- 
cussed in this paper. My measures of the first eight spectrograms 
showed a variable radial velocity, the total range of variation being, 
however, small.' Table I gives the more important data in regard 
to the spectrograms of this variable. 

After several trials of various ellipses with different values of the 
elements, the velocity- curve shown in Fig. i (the continuous line) 
was selected. The lower part of the figure shows the light-cur\'es 
due to Pickering and Luizet. The elements upon which the velocity- 
curve is based are : 

L^ = i7.i207 (light -period), 

M = 2I?026, 

T = 2 .6 days after light -maximum, 

W = 209?2, 

A' =8. 5 km (single amplitude), 
e=o. 10, 

r = — 5 . o km (velocity of system), 
a sin / = 1,999,000 km. 

There is some indication of an irregularity in the velocity- cur\'e. 
If a secondary curve with a period equal to half the light-period and 
a double amplitude of 2.5 km be superimposed upon the elliptic 
cur\'e given above, the curve represented by the discontinuous line 
in the upper part of Fig. i results. This curve gives a better repre- 
sentation of the ol^served velocities except between zero and two days 
after light-maximum, where there is no choice either way. If we 
rememl)er that tlie velocity for plate loE is based on only eight lines, 
and should therefore be given small weight, we see that the improve- 
ment is very decided along the stretch from 3 to 7 days after light- 
maximum. Likewise, between 11 and 13 days the points correspond- 
ing to plates 27 A and 5()A sliould be given smaller weight than the 
points above the eur\'e. This irregularity is such an extremely 
small (quantity for the (h's})ersion employed that we cannot place 
entire contidence in its n-ality. It would be equivalent to obtaining 
a seconrhiry curve of 0.5 km double amphtude with the three-prism 

I I' lib. A. S. P., 18, 60, i(jo6. 
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Mills spectrograph. Attention is called to the fact that the light- 
curve shows a similar irregularity. 

More prominent irregularities in velocity-cur\TS have been observed 
by CampbelP in ? Geminorum and by R. H. Curtiss in W Sagittarit 
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(/. c). The cause of these secondar\^ curvTS is still an unsettled 
question. Various explanations have been offered, such as the 
presence of a third body; the rotation of the brighter component; 
a resisting medium; or the effects of tidal forces, which must neces- 
sarily be large in such close binaries. Dr. Alexander W. Roberts 

^ Astro physical Journal, 13, go, 190 1. 
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has shown, in the interesting article referred to above, that consider- 
able deviations of the principal bodies from the spherical form, in the 
case where the size of the stars is distinctly comparable to the size 
of their orbits, would give rise to a secondary period in the velocity- 
curv'e equal to half the primarj'' period. This is a very interesting 
and suggestive explanation, though probably not a complete one. In 
W Sagiltarii the secondary period is without doubt half that of the 
primar}^, whereas in the case of ? Geminorum a secondary period, 
equal to one-third that of the primary, satisfies the observed cur\''e 
better than one of half the primary period. In a complete explana- 
tion probably a number of factors must be taken into account, and in 
the different individual cases one or the other of these factors may 
become the predominant one, and thus produce differences in the 
period of the secondary or in other peculiarities of this class of vari- 
ables. In the course of a few years, as studies of several other vari- 
ables of this and related classes will become available, we may hope 
to be able to speak more authoritatively in regard to the characteristics 
that are common to all as well as the points of difference. In individ- 
ual cases we may be able to pick out the predominant influences that 
are at work. 

THE VARIABLE STAR T VULPECULAE 

The variable briglitncss of T Vulpeculae was discovered by Saw- 
yer in 1885. The principal data taken from the Chandler and Har- 
vard Catalogues are as follows: 

Chandler^ s Third Catalogue 

a, 1900.0, =20'^ 47. "^2; 5j 1900.0, = +27° 52'. 

Redness o; visual magnitude 5.5 to 6.5 

Period 4.^360 days; ejK)ch 1885, Nov. 2, /. D. 2409848.95 

Basis of ek^ments, observations 1885-95. 

Harvard Catalogues 
Visual magnitudes 5.5 to 6.2; Class IV; Sp. F, 
Light-curves for this variable have been obtained by Saw^^er, 
Chandler, Ycndell, Pickering, Luizet, and Terkan by visual methods, 
and by Wilkens ])y a })hotographic method. From observations made 
in i8()8 and i8()q Luizet derives the following elements: period 
4.43578 days; e])()ch of maximum /. D. 2409849.02 (1885, Nov. 
3.02). These values of })eriod and e})och were adopted in this 
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investigation. They differ but slightly from the values given in 
Chandler's Third Catalogue. The series of photographic observa- 
tions for the determination of the light-curve made by Wilkens from 
July 9 to September 18, 1905, are practically simultaneous with the 
principal series of the spectroscopic observ^ations. This is a very 
fortunate circumstance. 

The binary character of the star was announced by Frost.' Before 
the announcement appeared our first series of spectrograms of the 
star had been obtained bv Drs. H. D. Curtiss and Moore. The 
following data were given in regard to Frost's two obscr\^ations : 



Plate 


Date 


G. M. T. 


No. of Lines 


Radial Velocity 


iB 37^ 

jSs 


igo4, July ig 
22 


20^ t^"^ 
19 47 


g 

13 


-1- 15 km 
— I 7 


•^ ^ 


* / 



These two obscrv^ations fall on opposite sides of my curve, the 
first II km above and the second 3 km below it. In the figure they 
are represented by the crossed circles. The large residual is prob- 
ably due to the small number of lines measured. Table II gives the 
more important data in regard to the spectrograms of this star that 
were obtained. When taken bv others than the writer, the observer's 
initials arc given in the column of remarks. All of the measures were 
made l)y the writer. 

The solution of the orbit was made by the method of Lehmann- 

Filhes. After several trials of various ellipses with different values 

of the elements, the velocity-curve computed with the elements given 

below was found to reproduce the observed velocity-curve well within 

the error of construction of the latter. A least -square solution was 

therefore considered entirely unnecessary. The following are the 

adopted elements : 

t' = 4''4357^ (ii^ht-ix-riod), 

/x =81? 1583, 

'r = ^^j6 after light-maximum, 

A'= + 17.6 km (single amplitude), 

'' = o-43» 

r = — 1 .3 km (velocity of system), 

n. sin I =q69,i8o km. 
^ Astro physical J our mil, 20, 296, 1904. 
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For each star the probable error of a single plate was found to be 
±1.2 km. The probable error of measurement of a single spectrum 
line was ±2.0 km. From this alone we should expect a smaller 



+ 15 km 



-f 10 



+ 



—5 



10 



—15 



— 20 km ^ 



Grades 17 




T-,^ 



V\(\. 2 — T Vu! [>ccHlae 



value for llie ])robablc cTror of a plate. If wc remember, however, 
thai lar^e accidental variations in the j)ositions of individual lines 
were not uncommon (see p. .^^u\ ^^i<-' value found for the probable error 
of a })late is readily accounted for. Also, in such long exposures as 
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were employed on these variables, the chances become greater for 
an incomplete correspondence between the star- and the comparison- 
spectra. 

The upper part of Fig. 2 shows the velocity-curve computed with 
the elements above, while the lower part of the figure gives the light- 
curves by several observers. For Pickering's light-curve the range of 
variation is smaller than for the other obser\'ers. For Wilkens' 
photographically determined light-curve the photographic range of 
variation was reduced to the visual range by his ratio of photographic 
to visual range, which for this star was 1.5. The visually determined 
light-curves agree fairly well in regard to the epoch of maximum. The 
origin of the minor differences between these curves is not entirely 
clear. Luizet,^ who compared his own curve with those of Chandler, 
Sawyer, and Ycndell, ascribed the differences between them to a sort 
of personal equation. Wilkcns' light-curve, determined by a photo- 
graphic method, gives the epoch of maximum 0.4 day earlier than the 
curves which were determined by visual methods. A longer series 
of photographic observations is desirable to establish definitely this 
apparent difference between the times of maximum brightness for 
the visual and photographic radiations. Wilkens has drawn two 
secondary maxima and minima in his light-curve for this star. The 
curve is based on seventeen observations, which, of course, cannot 
be considered sutTicient to establish these irregularities. My velocity- 
curve does not definitely show corresponding irregularities, nor does 
it prove their non-existence. They could be drawn in approximately 
the ])Ositions indicated by Wilkens, and this would reduce the residu- 
als somewhat. One important point in connection with the velo- 
city-curve is that it depends upon three series of observations, in three 
successive vears, and that each series is satisfied bv the same curve. 
There is thus no appreciable rotation of the line of apsides nor rapid 
change of any of the other elements. 

In neither of these two stars could the variabilitv be due to an 
eclipse, for in that case maximum and minimum brightness would 
occur at the points where the velocity equals the velocity of the system. 

Perhaps the most important result of this investigation is the con- 
clusive evidence of a much closer relationship between the light- and 

' Astronomischc XdchricJitcn, 153, 80, 1900. 
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TABLE III. 



Star 



, Time Inter- 
val let ween 
Maximum ' 
Period 1 Brightness [ 
.tnd Greatest' 
I Negative i 
\elocitv I 



OL server 



Days 
f Gemiuoriim 1015 

T7 Aquihie I 7 .iS 

5 C€l>hci 5.37 

W Sdj^itttirii ' 7 . 60 

T VulpccHliie 4-44 

y OphincJii 17.12 

U Aquilae 7 .02 

A' Sa gift aril ' 7 .01 

.V Sagittiic S.,v^ 

5 r Cygni 3.S5 



Da\s 

■^0.2 



o 
o 



2 

2± 



+ 0.1 

+ o.;;± 

^o.3± 

o- ± 

-o.5± 



\V. \V. Campbell at L. 

O. 
W. H. Wright at L. O. 
A. Belopolsky at 

Pulkowa 
R. H. Curtiss at L. O. 
S. Albrecht at L. O. 
S, Albrecht at L. O. 
S. Albrecht at L. O. 
J. H. Moore at L. O. 
R. H. Curtiss at L O. 
J.D.MaddrillatL.O. 
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velocitv-curvcs than has heretofore been believed to exist. If the 
li<^ht is sent out equally in all directions from the variable star, the 
positions of light- and velocity-maxima and minima should bear no 
special relation to each other, for the brightness would be independent 
of the direction from which the star is obser\Td, while the radial 
velocity at any instant is dependent upon the direction of the obsen^er. 
For different stars we should, therefore, expect the two curves to be 
shifted bv different amounts relativelv to each other around the 
])eriod. For some stars greatest positive velocity would come at 
light-maximum, in others at light-minimum, and in most cases at 
other points along the light-curve. Table III of the ten variables 
of tliis cla>s for which both light- and velocitv-cun-es are available, 
shows that light- maximum and most rapid approach always occur 
together. Likewise, there is a time-correspondence between mini- 
mum ]jrightne>s and greatest velocitv of recession. We should there- 
fore also ex])ect that when irregularities^ exist in both light- and 
velocity-curws, they will c()rres])ond to each other in position and 
j)erhapN al>o in sha])e. Of the ten stars in the above list only two 
have thus far shown marked irregularities in both light- and velocity- 

' All lliL' irrcuul.iritit.'s nl served in ihc i'ri^luncss- anrl vclocitv-curves of the stars 
cent. lined in TaMc III fcdl bciv.ccn li'j;lu-maxiinLiin and liglu-niinimum, except in the 
(. a>c nf i* (.icmnionini. 
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curves. They are W SagittariP and Y Ophiuchi; and for these 
the irregularities in the two curves correspond very closely. 

This establishes the fact that in the variable stars of the S Cephei 
type the light- and velocity- variations are very intimately connected; 
that both are due to the same causes; and that, if the velocity- 
variation is dependent upon the direction of the observer, so also 
must the observed light- variations be dependent upon the same 
factor. 

At present the best theor)' for this class of variables seems to be 
that they are binaries, in which one of the component stars is con- 
siderably brighter than the other. The observed velocity-variation 
follows mainly as a direct consequence of the orbital motion of the 
brighter component. The light- variation seems to be caused in 
some way (other than eclipse) by the influence of the darker com- 
panion. The very close correspondence between the light- and 
velocity-cur\-es in regard to period and shape, and the agreement of 
the times of occurrence of maximum brightness with greatest velocity 
of approach and minimum brightness with greatest velocity of reces- 
sion, would indicate that the light-variation is not so much dependent 
upon the position of the brighter component of the system in its 
orbit as upon the direction from which the star is observed. This 
would ascribe less direct influence to the darker companion in the 
matter of liberating an unusual amount of energy in a certain part of 
the orbit, most likely a small fraction of the period after periastron 
passage. Dr. Campbell has called my attention to the fact that the 
Algol variables, which are binaries of even shorter average period 
than the S Cephei variables, show no evidence of light- variation other 
than that caused by eclipse, and that the apparent failure of two 
Algol components to disturb each other should make us careful in 
ascribing the total observed elTects in S Cephei variables to the mutual 
disturbing powers of the components. Most of the eclipse variables 
have earlier-type spectra (B^ A^ and F) than the variables of Class IV. 
It is not impossible that in close binary pairs having the simpler 
types of spectra (Algol variables) the mutual disturbances are less 
eft'ective in producing brightness-variations than in close pairs having 
older types of spectra (8 Cephei variables). 

I Astrophysiciil Journal, 22, 274. 1905. 
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SUMMARY OF RESULTS 

1. With the one-prism spectrograph and 36-inch refractor, we 
can obtain satisfactor)^ radial velocities of stars of the eighth photo- 
graphic magnitude, requiring exposures of three hours, provided 
their spectra contain well-defined lines. 

2. For several variables of the S Cephei or v Aquilae type it was 
found that the point of maximum energy in the spectrum is shifted 
toward the violet as light-maximum is approached, and back again 
toward the red as the brightness diminishes. From the spectrograms 
it was impossible to decide whether or not this shift of the point of 
maximum energy occurs with absolute regularity. 

3. On these low-dispersion spectrograms no periodic shift in the 
position of any of the lines (blends) was found. 

4. Velocity-curves and orbits for the fourth-class variable stars 
Y Ophiuchi and T Vulpeculae were obtained. 

5. A comparison of the light and velocity-curves of the ten vari- 
a1)les of this class for which both curves are available showed a much 
closer relation to exist between the hght- and velocity- variations than 
has heretofore been supposed to be the case. In ever\' obser^'ed case, 
light-maximum and greatest velocity of approach occur within one- 
fifteenth of the period of each other. Likewise minimum brightness 
and greatest velocity of recession occur at the same time. That is, 
the two curves have a very close correspondence in phase, in addition 
to correspondence of sha])e and period. If the velocity-curves were 
plotted with negative values above and positive below, the brightness- 
and velocity-curves for any star, if constructed on the proper scale, 
would be almost identical. The time-interval from maximum to 
minimum brightness is on the average about double the inter\^al from 
from minimum to maximum brightness. 

It is with great pleasure that I acknowledge my indebtedness to Dr. 
Cami)bell for the continued interest he has taken in this investigation. 
In assigning stars of the S Cephei type as subjects for theses to several 
successive candidates for the degree of doctor of philosophy, he had 
definitely in mind the determination of the characteristics of these vari- 
ables as a class, through the observations of a large number of thesestars, 
as a basis for safe reasoning upon the cause or causes of their variability. 

Lick Dijskrvatorv 
rniveksity of (\\liforni\ 



ON THE DISTORTIONS OF PHOTOGRAPHIC FILMS 

ON GLASS' 

By SEBASTIAN ALBRECHT 
INTRODUCTION 

In various lines of astronomical research depending upon photo- 
graphic plates, discrepancies of a considerable magnitude occasionally 
appeared, which seemed attributable to no definite cause. On the 
star- photographs taken with the Crossley Reflector, these occasional 
discrepancies, which seemed to be more or less accidental, usually 
amounted to a few tenths of a second of arc, and very rarely to as much 
as a second of arc, which is equivalent to a linear distance of about 
o . OCX inch (o. 025 mm). Even though discrepancies are the exception 
rather than the rule, and discrepancies of the magnitude referred to 
above are extremely rare, nevertheless they cause considerable 
annoyance when extreme accuracy is desired, for the error of measure- 
ment need not much exceed o.ooi mm. It seemed highly desirable 
definitely to locate, if possible, the cause of the dithculty. In the 
case of the Crossley star-photographs it seemed for a time as though 
the cause must be sought for in the large mirror of the telescope. 
Another alternative was the study of the i)hotograpliic film itself. 
Accordingly, in the winter of 1904, at the suggestion of Director 
Camj)bell and Dr. Perrine, the writer undertook an investigation of 
the distortions of the i^elatine film. 

The j)rinci])al j)revious investigations on the distortions of the 
gelatine film were made by Scheiner, Loewy, Bergstrand, and Luden- 
dorfl'. Scheiner^ at first believed he had found a contraction in one 
co-ordinate and a dilation in the otlier, and assumed that this distortion 
was ])r()gressive, i. e., proportional to the distance measured. In 
iSgj,^ however, he says: 

Wcitcre Erfahrun^cn halx?n indcsscn o^ezeigt, (lass man wahrschrinlich die 
Vcrziehungcn nicht dor gemcsscncn Strecke proportional setzcn darf, sondern 
(lass sic ziemlich localcr Xatur sind und sich hiiufig schon auf sehr kurze Streckcn 
bin wieder aufhelx-n. 

I Thesis in partial fulhlmt'nt of ihc n-jjuirrmeiUs for the* di-grce <>f doftor of philoso- 
phy in the University of California. 

^ Zeitschrijt jiir Itistrumcntcukiinde, 1 1, 30)4, iSi;i. 
3 PJiotuqnjpJiic dcr i'lCstirnc, p. i ig. 
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Locwy/ from a study of an Eros plate with multiple exposures, 
using three images of each of S2 stars, came to the conclusion that dis- 
tortions of the film introduced an accidental error into the differences 
-^'n — -^''m and >'n- Vm which was represented by a probable error of 
o''o6 (=0.001 mm or 0.00004 inch). 

Bergstand^ investigated two star-plates, and from his results drew 
the following conclusions: Except near the edges of the plate, the 
distortions are, in general, not common to large parts of the plates; 
the affected regions are in the nature of bands or strips, which are 
not greater than 5 mm, and probably much smaller than this; these 
strips seem to have a tendency to be oftener parallel to one co-ordinate 
than to the other. The two plates studied by him seem to show a 
striking agreement both as to the amounts and trend of the distortions, 
and he concludes therefore that the distortions cannot always be 
eliminated by the use of several plates. 

LudendortT^ investigated two of his star-plates and found that 
they showed large distortions which extend systematically over a 
considerable portion of the plates. On both plates he found several 
neighboring reseau-lines to be curved, the convex side being directly 
toward the center on one of the plates, and away from the center on 
the other. In some cases he found the inchnation of the reseau-lines 
to be somewhat cliani^ed. The largest relative displacement between 
two neighboring lines was 10 m. He slates, however, that his endeavor 
was })rincipally to lind plates with strong distortions. It is well to 
quote some of the additional circumstances to which he calls attention. 

Ganze Grupjx'n von Flatten, welche an clcmsell)en Abend oder an nahelie- 
genck'n AlK'ndcn aufgcnomnun wiirdcn, wciscn an demsclben Randstriche Krum- 
muni^on in dcmscllx-n Sinnc, alxT von vcrschicdenen Belrage auf. Auch kommen 

mitten iinicr dicscn Platlcn ganz normale vor Auffallig bleibt indessen, 

dass diesc Verzerrunuen an Flatten, welche aus derseltei Zeit stammen, mit 
solcher Re^^elmiissigkeit auftreten, Ix'i Flatten aus andcren Zeiten gar nicht, und 
dass .^ie, \venig>tens soweit meine Beobachlungen rcichcn, hauptsachlich einen 
Ix'stimmien Strich (A 26) und (lessen Nachbarstrichc Ix^treflen. 

^ "Sur la ]jre* i-i<in dcs cnonlintA--^ di-s a>tres ....," Third Memoir, p. 83. 
in Bulletin dii Coniitc iutrnhitioiiiil />rr)iiinii ill pour rcxi'culion photograph iqiie de la 
Ciirtc tli( rid, 3, igG2. 

2 C^'"lVT,\/^^/ <i/ K. Si\ \'rt.-Akii(I. FdrlunulL, ujoo, Xo. 2, p. 38. 

^ Aslroiiouii^cJic Xiirhri( lilcii, 162, 7,47,, itjov 
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He explains these facts in the following words: 

Bei naherer Uberlcgung sieht man indessen, dass es moglich ist, fiir beide 
Erscheinungen plausible Ursachen anzufiihren. Da die Gitterkopien alle gleichar- 
tig in den Kasseten gelegen haben, so wird es sich ganz von selbst ergeben, dass 
sie sich auch bei alien photograph ischen Processen in derselben Lage befunden 
haben. Xamentlich beim Trocknen, wahrend dessen die Flatten nahezu senk- 
recht standen, meist eine bestimmte Seite des Gitters die untere, horizontal 
gewesen sein. Eine nahere Betrachtung der notigen Manipulationen macht es 
nicht unwarscheinlich, dass dies der Strich 26 gewesen ist. 

He also savs that he found numerous cases of local distortions. As 
an example of these he mentions plate No. 40 on which portions of tw^o 
neighboring reseau-lines are bent in opposite directions. 

From the above outline it will be seen that our knowledge of the 
nature and amounts of the distortions was quite indefinite. The 
prevailing opinion in regard to the subject was well stated by Professor 
H. H. Turner,' of Oxford, who is here quoted: 

Even now it can scarcely be said that we know definitely the stage of refine- 
ment at which we must Ix^gin to expect irregular displacements of the images from 
distortion of the photographic film; but we have learned that they do not occur 
in a gross degree, and that other apparatus must be improved before we need 
*urn our attention seriously to errors arising from such a cause. 

The more important features of the plan upon which my work was 
begun were investigations of the effects of (a) the position of the plate 
during the processes of washing and drying, {b) the rate of drying, (r) 
abrupt changes in the rate of drying during the process, (d) change 
in the position of the ])]ate while flrying, (c) hardener. Emulsions on 
plate-glass were also tried. Jewell's devel()})er was used, and the 
plates were 3] X4I inches (83X 108 mm) in size, the same as are used 
with tile Cros^lev Retlector. 

FIRST SKRIKS — EFFFXT OF POSITION OF THE PL.VTE 

The first ])()int considered was the effect of the position of the 
{)late < luring the photographic j)rocesses. For this purpose a transit- 
oi-Venus reticle was copied by contact, on a series of six plates. A 
Rocliester (onh'nary oil) lamj) at a considerable distance was used 
as the source of light, and the ex])osures were made as nearly ahke as 
possible. This gave images of I he reseau-lines clear on a darkened 
background. The plates were Seed's Gilt Edge No. 27, ordinary 

' Ohscri'iilory, 27, T,()h, 1904. 
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emulsion. Plates i, 2, and 3 were kept horizontal (film side up) 
during development, fixing, washing and drying, and Plates 4, 5, and 6 
vertical. Plate 5 was overexposed, and was therefore not used. The 
remaining five plates were measured on the Stackpole measuring- 
engine in orientations 0° and 180°. Seventeen intersections of the 
reseau-lines distributed over an area 3^X2 inches were measured on 
each plate, four settings being made on each intersection. The read- 
ings were made to the nearest o.oooi of an inch, the fourth decimal 
place being estimated, and in the reductions the means were carried 
one decimal place farther. In the reduction of Plates 2, 3, 4, and 6 
to Plate I, one of the intersections was used as a center, and the cor- 
rections were applied for scale-value, orientation, and center. Table 
I, in which the letters represent intersections, gives the residuals in 
units of 0.00001 inch. 



TABLE I 

Sekiks of Platks for \'i:rtical and Horizontal Positions of Plate. Residu 

ALs IN Units of 0.00001 inch (0.00025mm) 
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In order to obtain values for the mean and greatest errors of 
measurement, Plate I was measured by two observers, the plate 
having been removed from the engine in the interval. The mean 
difference between the two observers for thirty-four co-ordinates is 
6.5 and the greatest difference 19, in units of the fifth decimal place. 
Fifteen of the differences were negative, fifteen positive, and four zero. 
[ — 2;] = 106, [+7;] = 114. These differences include, in addition to 
errors of measurement (of bisection, reading of the scales, and division 
errors of the scales), differences in personality between the two observ- 
ers, if such differences exist. It was therefore thought allowable to 
consider 19 as the greatest error due to measurement alone. Accord- 
ingly all residuals over 20 in magnitude (in bold type in Table I) were 
regarded as being larger than the error of measurement. Omitting 
these large residuals, the resulting mean residual is ±6.6. The 
agreement of this value with the mean error of measurement also tends 
to justify this course. 

The conclusions to be drawn from this series of plates are as 
follows : It was possible to superimpose the seventeen points measured 
on Plates 2, 3, 4, and 6 upon the corresponding points of Plate i, 
within the errors of measurement, except for occasional large accidental 
deviations of individual points. Plates i, 2, and 3 were kept horizon- 
tal, and 4 and 6 vertical, during the photographic processes. There- 
fore, for the size of plates used (3^ X 4^ inches) and the region measured 
(2X3^ inches) it is entirely indifferent whether the plate be vertical 
or horizontal during the photographic treatment. A re-examination 
of the intersections for which large residuals were obtained showed in 
a few cases that the shift was due to the arrangement of the silver 
grains rather than to an actual movement of a portion of the film. In 
other cases the intersection ai)peared to be perfectly normal. 

SERIES SECOND 

The general plan for the second series of plates was as follows:' 

A. Ordinary commercial plates (Seed 27, Gilt Edge). 
I. Uniform rate of drying. 

I As it was the j^rincipal oV)jcct of this investigation to acquire a more detinite 
knowledge t)f the nature and magnitude of the distortions that are to Ix' e.\j)ected under 
ordinary conditions in the manipulation of photographic plates, extreme condititjns 
(according to the above outline) were avoided. 
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1. Rapid drj'ing. 

(a) By heat. 

(b) By draft. 

2. Slow drjang (in a cool place without draft). 

3. When partly dry turn plate on opposite edge and Sillow drying to 

continue at the same rate. 

II. Change in the rate of drj'ing. 

1. Without turning plate over. 

2. Turning plate over when changing the rate of drying. 

III. Hardener. 
B. Same emulsions on plate -glass. 

A form, from which artificial- star plates could be printed by con- 
tact, was made in the following way. An 8x lo-inch clear glass plate 
was spattered with small drops of drawing-ink. From these, sixteen 
groups of spots well distributed over the plate, with a total of forty-six 
images of suitable sizes, were selected, and all the remaining spots 
rubbed off. This pattern was then photographed on a 5 X 7-inch 
transparency plate, the resulting image of the pattern plate being 
approximately 3iX4i inches in size. This positive was used as a 
form with which all the exj)osures of artifical-star images were made 
by contact printing. Twenty plates of the same emulsion (Seed 27) 
were exposed consecutively aad as nearly alike as possible, five 
exposures of seven seconds' duration being made on each plate. The 
temjKTature of the room during the exposures was 54° to 57° F. 
Between ex})osures the plate was shifted (parallel to the X and Y 
directions) so that the corresponding images of four of the exposures 
were at the corners of a square approximately half an inch on each 
side, and the image of the fifth exposure was at the center of the square. 
Each plate therefore contained five exposures of the same sixteen 
groups (forty-six images) of artificial star-disks. The following 
designations were used : The groups are lettered from a to p inclusive. 
Tlie images are represented by the letter of the group with a subscript. 
Usually the suljscript numbers were assigned in the order of increas- 
ing size of disk. The ex|)osures are lettered a to €, arranged as 
follows: starting around the square in the A'-direction from a, the 
remaining corners are rcj)resente(l by /^, e, and 8; and 7 is at the 
intersection of the two diagonals. 

These twenty ])lates were treated differently in the photographic 
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processes, and constitute the material for the study of Part A of the 
the general plan as outlined above. Table II contains the principal 
data in regard to their treatment. 

Of these plates Nos. 20, 13, and 6 were selected for measurement. 
They represent a variety of different conditions in the treatment. 
Plate 20 was fixed in Cramer's chrome- alum fixing solution; Plates 

6 and 13 were fixed without the use of any hardener; one-half of 
Plate 13 fixed clear very much slower than the other half; Plates 13 
and 20 were washed in the vertical position, Plate 6 in the horizontal 
position; Plates 6 and 20 were rubbed lightly with the fingers at the 
beginning and end of washing; Plate 20 was dried fairly rapidly in a 
warm room; Plate 13 was fanned briskly until dr}'; when Plate 6 
was partly dry it was turned over and the temperature of dr}dng changed 
from 52° to 75° F. The remaining plates were kept in resen-e, to be 
measured later if it should be deemed advisable. Exposure 7 on 
Plate 20 was taken as the standard to which the exposures on the 
same and other plates were reduced. Table III contains the measures 
of Plate 207. The reduction consisted in computing by least squares 
for each exposure the orientation and center corrections, and then 
applying these corrections to the individual images. The first half 
of Table IV gives the residuals (reduced readings on the images of the 
exposure under consideration minus the readings on Plates 207) in 
units of o.ooooi inch. Column 8 contains the means of columns 2 to 

7 inclusive, and may therefore be looked upon as being the errors — 
both of measurement and of possible distortions — contained in expo- 
sure 207. Columns 9 to 14 inclusive give the residuals of colunms 
2 to 7 free from the errors in the standard exposure. Columns 8 to 14 
give, therefore, the errors, both of measurement and distortion, for 
all the exposures for which the measures were reduced, including 
the standard exposure. Column 8 is in all respects similar to columns 
9 to 14. 

These residuals do not exhibit any evidence of general distortions. 
They show that it is possible to superimpose the forty-six images of 
any one of the exposures upon the corresponding forty-six images 
of the standard exposure within the errors of measurement, except 
for occasional large deviations of individual images. In the reduc- 
tions the only corrections appHed to the measures were for orientation 
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TABLE ni 
Measures of Exposure 207. Standard 
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and center. No scale-correction was needed; i. e., the actual linear 
distances between the images remained the same within the area covered 
by the images ('3.7X2.8 inches). Several of the images were within 
1 inch (3 mm) of the edge of the plate. 

A word of ex[)lanation is (lesirai)le in regard to an apparent system- 
atic trend of the residuals over limited regions of some of the exposures. 
For example: Xear the end of column 137 eleven residuals of both 
X and Y are negative; the first few in column 67 are positive; the 
I'lrst few of column 2of3 are negative. On Plate 6 the elTect cannot 
be due to the sudden change in the rate of drying, because part of the 
affected region was dry before the change was made, while another 
part was the last to become dry. Although these residuals are in 
magnitude within the limits of the errors of measurement, they might 
be mistaken for minute general distortions. Without much doubt, 
however, their true origin may be found in the var^-ing conditions of 
illumination and temperature during measurement. The measures 



358 SEBASTIAN ALBRECHT 

were made during the winter months when the weather conditions were 
unsettled, and alternate passing of clouds and clear sky produced 
marked changes in the illumination of the plate. In some cases the 
effect could be directly traced to this cause. Besides, the large number 
of images (230) on each plate rendered it impossible to complete the 
measures in both orientations on the same dav. Where a small num- 
ber of images is to be measured on a plate, constant conditions can 
usually be secured during the measures. 

For Part B of the second scries an 8xio-inch plate-glass plate, 
coated with a film of Seed's 27 ordinary emulsion, was used. In each 
corner of the plate five exposures were made in the same manner as on 
Plates I to 20. The plate was developed, fixed, washed, and dried 
in the ordinary way, and then cut into four parts. These four parts 
were numbered from 21 to 24, inclusive. The 7 exposure of Plate 21 
was measured and reduced to 207, by applying corrections only for 
orientation and center. It was here also found possible to superimpose 
the forty-six images of 217 u]>on the corresponding images of 207 
within the errors of measurement, except for a few individual larger 
residuals. In so far as we are justified in drawing conclusions from 
this one j)late, we may say that in the matter of distortions of the film 
plate-glass offers no advantages over the ordinar}^ commercial plates. 

Through this one plate-glass plale a partial connection is also made 
between 3}X4|-inch and 8Xio-inch plates. The absence of any 
evidence of general distortions on Plate 21 would tend to show that 
the greater extent of the film on the larger plate does not introduce a 
sagging of the film due to its greater total weight (i. e., a sort of cumu- 
lative effect). 

A large number of s[)ectrograms of high and low dispersion were 
examined for evidences of distortion, and the results obtained are 
entirely in accord with the conclusions drawn from the investigation 
of the artificial-star plates. Xo cases of general distortions wxre 
found, i. e., none of the kind with which this investigation is con- 
cerned.' A considerable numlxT of local distortions were found. 
These were confined in each case to one or a few adjacent spectrum 

I ( )( ( a>i(>nally a jilaic will show hlisitTs which arc visible to the unaided eye 
Thi'Sf l)li>t('r-^ arr c ausod hv ihc <iTiii>.si')n of sonii- !U'( osary precaution in the treat- 
incni of the \)\'Mv. usually b\ loo high a it-niprraturc of one of the solutions or by too 
great a dilTirtTKc in ihi> tcni])t'ralures of the various solutions. As the gelatine (before 
il islrialcd with a hanlrncri (li>.solvi-s at (jo^ V., the lemperature of the solutions should 
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lines, and very rarely covered an area as much as \ mm square. The 
greatest displacement observed amounted to 0.02 mm, which on the 
Crossley star-photographs is equivalent to about one second of arc, 
and on the spectrograms taken with the one-prism spectrograph of the 
Lick Observ^atory to about 80 km radial velocity per second (for the 
Hy region). Such large displacements as this are, however, extremely 
rare. The great majority of the displacements observed are less than 
one-fourth of this amount. 

Some of the characteristic shapes of the distorted lines are: a 
sine-curv-e, a question-mark, an irregular crinkle, an abrupt bend, a 
gradual bend which is sometimes shared by two and occasionally by 
three adjacent spectrum lines, while the lines immediately on either 
side of the distorted ones are perfectly straight. 

The distortions seem to be principally of two diflferent kinds. In 
one kind, aside from the bending or twisting, the appearance of the 
line is normal as regards width, sharpness of the sides, and structure 
of the grain. In this case the most plausible explanation for the dis- 
tortion is an actual movement of a minute portion of the film. In the 
other kind the distorted shape of the line seemed to be due in some 
cases to the peculiar arrangcmeat of the silver grains, and in others 
to local differences in the sensitiveness of the film. The occasional 
non-uniformity in the sensitiveness of the film is usually ver}- local, 
but at times it extends over a considerable portion of the plate. Prob- 
ablv an extreme case of the latter was shown on one of mv lantern 
slides, on which a non-sensitive streak, varying in width from o.i to 
0.05 inch (2.5 to 1.25 mm), extends more than half-way across the 
plate. Very rarely also one of the distortions would have the appear- 
ance of having been caused by slight movements of a minute area of 
the film immediately around a grain of impurity. 

SUMMARY OF RESULTS 

1. For the size of the plates used (3^X4} inches) it was found to 
be entirely indifferent whether the plate be vertical or horizontal during 
(levclo])ment, fixing, washing, and drying. 

2. Within the range of the observations, hardener, the rate of 
drying, and changes in the rate of drying and in the position of the 

not Ix" alloux-d to Ix-i onu* hii^lu-r than 75° P\ The distortions which were considered 
in this investigation were those whi( h o( ( ur when ordinary (good) care is taken in the 
treatment of the plate. 
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plate during the process of drying introduced no general distortions 
of the gelatine film. 

3. Local distortions were found on artificial-star plates and on 
spectrograms. These distortions were confined in each case to an 
area equal to a small fraction of a square millimeter. The largest 
lateral displacement found at any point in the distorted area was 0.02 
mm, while the great majority were less than one-fourth of this amount. 
Some of these displacements are several times as large as the errors 
of measurement, and their possible effects must be taken into account 
where great accuracy is desired. 

4. These distortions seem to be principally of two different kinds: 
one was due to an actual movement of a minute portion of the film, 
the other was an apparent shift of the image due to the peculiar arrange- 
ment of the silver grains or to local differences in the sensitiveness of 
the film. 

5. The results obtained from one plate.-glass plate showed no 
advantages of the plate-glass over the ordinary' commercial plates in 
the matter of distortions of the film. 

6. If the results obtained in this investigation for small plates be 
found to apply with equal force to larger plates, it will follow that the 
assumption which is the basis for the use of the reseau is not well 
founded. The assumptions involved, briefly stated, are as follows: 
First, general distortions exist; second, they differ in different parts of 
the plate; third, they may be assumed to be linear within the squares 
of the reseau, i. e., over a stretch of 5 mm or more. The supposed 
advantages of the reseau over the method of referring all the measures 
to a common center rest entirely upon the vaHdity of these three 
assumptions. If the reseau can be dispensed with, there will be a 
saving of the lai)or involved in making the large number of settings 
on the reseau-lines and in the reductions of the measurements. 

Throughout these investigations on photographic distortions I had 
the valued advice and assistance of Dr. Perrine, who had long 
i)een interested in the [)roblem, and it is a pleasure to acknowledge 
mv indeljtedness to him. It should also be said that fuUv half of the 
measures of the first series were made by liim. 

l.KK OHSI KVATORV 
rNUl.KSIIY r)F ('ALIFORXIA 

May, i(>o7 



Reviews 

Atlas Stellarum Variahilium. Series IV, containing those variable 
stars which are included in the limits of the B, D. charts in 
declination and magnitude. By J. G. Hagen, S. J., Director 
of the Vatican Observatory. Beriin: Felix L. Dames, 1907. 
Two volumes, charts and catalogue. 4to. 100 Marks. 

Hagen's great atlas of variable stars is now well known and quite indis- 
pensable to the observer in this field. The present series completes the 
original plan, though extensions are projected by the author and in part 
ready for the press. This series is the largest of all, containing 100 fields, 
the variables being adapted for observation with apertures of 8 to 16 cm 
This series is therefore the most useful one to possessors of small telescopes. 

The charts resemble those in Series I, II, and III, in that they are all 
on the same scale and that each contains one variable at the center; but 
differ from them in several particulars. The inner red square is one degree 
on a side, therefore on half the scale of the previous series. This square 
shows all the B. D. stars and such fainter ones, down to magnitude 11, as 
are needed for identification or for comparison stars when the variable is 
near minimum. The outer parts of the chart contain certain B. D. stars 
down to magnitude 8-9. In regard to the accuracy of the positions, the 
introduction states that the brighter stars are taken from the best catalogues, 
chieily those of the Astronomischc GescUschajt. The fainter stars were 
located, partly by original observations, partly from Harvard photographs, 
and some from the B. D. catalogue. As a check, the reviewer compared 
the twenty stars in the inner square of the chart for U Pegasij v.'ith a photo- 
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graph. After allowing for the distortion in right ascension caused by the 
projection used, the co-ordinates of six stars were in error by more than 
one second of time. Errors greater than o'25 in declination were found for 
only three stars. For the twenty stars the mean errors were only ±^i* 
and ±o'i, respectively. 

The catalogue sheets give in the usual form the data needed for the 
reduction of the observations. Estimates of the brightness of the compari- 
son stars were made in grades by Ha gen and Hisgen, but the method of 
reduction to magnitudes is peculiar to this series, being obtained by a 
graphic process, based on photometric magnitudes furnished by Professor 
Pickering for a part of the stars in each field. These Harvard magnitudes 
are given in the fourth column of the catalogue sheets. They are mostly 
from unpublished observations, and therefore cannot, at present, be reduced 
to the system of either of the Harvard catalogues.' The column of notes 
gives, for the brighter stars, the Potsdam colors and magnitudes rounded 
to the nearest o . i . 

This division of the Atlas makes a fitting introduction to a new series 

of publications from the Vatican Observatory, and places the astronomical 

world under renewed obligations to the author. 

J. A. Parkhurst 

Yerkes Observatory 
May, 1007 

Fabry and Buisson's Wave-Lengths 0} Standard Lines, 

In accordance with resolutions adopted at the Oxford meeting of the 
Solar Union in 1905, Fabry and Buisson^ have recently measured the 
wave-lengths of eighty-four standard lines in the region of the spectrum 
comprised between AA 6500 and 3600. The green line of mercury, pro- 
duced by a Cooper-Hewitt lamp, was chosen as the primary standard. 
The value of this line was determined by careful comparisons with the 
red and green lines of cadmium measured by Michelson and Benoit. 
From this line were then deduced the values of the other standard lines pro- 
duced by the passage of a current of from 6 to 3 amperes at a voltage of 
120 between iron electrodes 8 mm in diameter, the method of comparison 
being that hitherto used by Perot and Fal)ry, but photographic instead 
of visual. The interferences (fringes at infinity) were caused by two plane- 
[)arallel silver-on-glass mirrors. The spectrum was ])roduced by a plane- 
grating used with auto-collimation. 

' Sof Miiller and KiTn])f, Potsdam Photomctrischc Durchmusterungy General 

Kiitdloi^, [). xxii. 

■' i'omptcs RcudiiS, 143, 165, \^)o(^. 
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The values given below are for wave-lengths in air at 15" C. and at 
a pressure of 760 mm; and each is the mean of several measures on dif- 
ferent plates. The discordance between independent measures rarely 
amounted to one part in a million. One of the lines belongs to manganese, 
which is present as an impurity in commercial iron. In the region about 
A 5800 it was necessary to supplement the iron lines with four nickel lines, 
in order that the interval between any two standard lines should not exceed 

o 

50 A, U. The wave-lengths of Rowland and of Kayser and Runge may 
be reduced to the same scale by dividing by 1.00003. 
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A GENERAL INDEX TO THE ASTROPHYSICAL JOURNAL 

The preparation of an index to the first twenty-five volumes of this 
Journal, covering the twelve and one-half years from January, 1895, to June, 
1907, is now under consideration. Such an index would doubtless prove 
of great convenience to the workers in astrophysics and to libraries. The 
possibility of its publication will depend upon the number of advance orders 
received. If 200 subscriptions are obtained, the index can probably be 
issued at a cost of about $1 . 50; if 300 advance orders should be given, the 
work will certainly be undertaken, with the expectation of its publication in 
the autumn of 1907, and the price will probably be somewhat less than $1.50. 

Ail subscribers and librarians who would purchase such an index, if 
issued, are therefore requested to notify the editors at once by postcard of 
the number of copies for which they will subscribe. 

Address ; Editors of the Astrophysical Journal, Williams Bay, Wisconsin, 
U. S. A. 
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